Improve Nitrogen use efficiency of wheat cultivars under Western Australian conditions by Al-Habbar, Zaid
 
Improve Nitrogen use efficiency of wheat cultivars 








Submitted to Murdoch University in fulfilment of the requirements for the 
degree of  
 Doctor of Philosophy 








Table of Contents  




List of Publications and Conference…………………………………………………………………………………………….. ix 
List of Tables……………………………………………………………………………………………………………………………….. xi 
List of Figures……………………………………………………………………………………………………………………………..xiii 
Abbreviations……………………………………………………………………………………………………………………………..xiv 
1. Chapter 1 General Introduction ................................................................................... 2 
2. Chapter 2 Literature Review ......................................................................................... 6 
2.1. Wheat is a global agricultural crop .................................................................................... 6 
2.2. The role of N in plant growth ............................................................................................ 7 
2.3. Factors influencing wheat grain protein content .............................................................. 9 
2.4. Nitrogen use efficiency (NUE) ......................................................................................... 12 
2.4.1. Nitrogen uptake efficiency (NUpE) .................................................................................. 15 
2.4.2. Nitrogen utilisation efficiency (NUtE) .............................................................................. 17 
2.5. Traits associated with NUE .............................................................................................. 19 
2.6. Leaf senescence and NUE ................................................................................................ 20 
2.6.1. Senescence-associated genes (SAGs) .............................................................................. 21 
2.6.2. Hormonal regulation and leaf-senescence...................................................................... 22 
2.7. Senescence monitoring techniques ................................................................................ 23 
2.8. Relative comparison of stay-green and early senescence .............................................. 25 
2.9. Effects of Climate Change on Wheat Production in Western Australia region ............... 27 
2.10. Aims of this study ............................................................................................................ 29 
Chapter 3    Associations of NAM-A1 alleles with the onset of senescence and nitrogen use      
efficiency under Western Australian conditions ........................................................ 34 
3.1. Abstract ........................................................................................................................... 34 
3.2. Introduction ..................................................................................................................... 35 
3.3. Materials and Methods ................................................................................................... 38 
3.3.1. Experimental treatments ................................................................................................ 38 
3.3.2. Yield components ............................................................................................................ 40 
iii 
 
3.3.3. Normalised difference vegetation index ......................................................................... 41 
3.3.4. Statistical analysis ............................................................................................................ 42 
3.4. Results ............................................................................................................................. 42 
3.4.1. Identification of early senescence and stay-green cultivars ........................................... 43 
3.4.2. Grain yield, yield components, aboveground biomass and HI ........................................ 44 
3.4.3. Grain protein content, residual N in straw, and Nitrogen Harvest Index ....................... 47 
3.4.4. Nitrogen use efficiency and its components ................................................................... 48 
3.4.5. Correlation between rate of senescence and agronomic traits ...................................... 48 
3.5. Discussion ........................................................................................................................ 49 
3.5.1. The correlation between the onset of senescence and NAM-A1 allelic variation .......... 50 
3.5.2. Genetic variation of NUE and its components based on the NAM-A1 gene ................... 51 
3.5.3. Early onset of senescence is a useful strategy for Western Australian conditions ......... 52 
3.6. Conclusion ....................................................................................................................... 54 
Chapter 4    NAM gene allelic composition and its relation to grain-filling duration and nitrogen 
utilisation efficiency of Australian wheat ................................................................... 59 
4.1. Abstract ........................................................................................................................... 59 
4.2. Introduction ..................................................................................................................... 60 
4.3. Materials and Methods ................................................................................................... 62 
4.3.1. Field trial design .............................................................................................................. 62 
4.3.2. Glasshouse experiment design ........................................................................................ 64 
4.3.3. Gene expression analysis................................................................................................. 67 
4.3.4. Statistical analysis ............................................................................................................ 68 
4.4. Results ............................................................................................................................. 69 
4.4.1. Influence of NAM genes under field conditions .............................................................. 69 
4.4.2. Influence of NAM genes under controlled environmental conditions............................ 71 
4.5. Discussion ........................................................................................................................ 78 
4.6. Conclusions ...................................................................................................................... 84 
Chapter 5     Association of key agronomic traits with wheat nitrogen use efficiency varies between 
low and high N availability .......................................................................................... 88 
5.1. Abstract ........................................................................................................................... 88 
5.2. Introduction ..................................................................................................................... 89 
5.3. Materials and methods ................................................................................................... 93 
5.3.1. Experimental treatments ................................................................................................ 93 
5.3.2. Phenotyping and sample collection ................................................................................ 94 
iv 
 
5.3.3. Calculating the onset of senescence in the flag leaf ....................................................... 95 
5.3.4. Flag leaf area estimation and chlorophyll content .......................................................... 96 
5.3.5. Statistical analysis ............................................................................................................ 96 
5.4. Results ............................................................................................................................. 96 
5.4.1. Agronomic traits associated with NUE and its components (NUpE and NUtE) only at LN 
condition: ......................................................................................................................... 97 
5.4.2. Agronomic traits associated with NUE and its components (NUpE and NUtE) at both of High 
and Low N conditions: ................................................................................................... 101 
5.4.3. Agronomic traits not significantly associated with NUE and its components (NUpE and 
NUtE) at either of High and Low N conditions: ............................................................. 103 
5.4.4. Association of grain yield and yield components with NUE and its components ......... 104 
5.4.5. Association of grain protein content (GPC) and residual N in straw (RNS) with NUE and its 
components ................................................................................................................... 105 
5.4.6. Influence of cultivars, N rates and time of N application on NUE and its components 106 
5.5. Discussion ...................................................................................................................... 107 
5.5.1. NUE in relation to NUpE and NUtE ................................................................................ 107 
5.5.2. DRW has strong association with NUpE and NUE under LN ......................................... 108 
5.5.3. Stay-green resulted higher NUpE and NUE under LN ................................................... 109 
5.5.4. Traits associated with NUtE under LN ........................................................................... 111 
5.5.5. Genetic influence of wheat NUE ................................................................................... 112 
5.6. Conclusion ..................................................................................................................... 113 
6.               Chapter 6 General Discussion ....................................................................................... 115 
6.1. General finding of thesis research ................................................................................. 115 
6.2. NAM-B1 allelic variation is associated with grain yield, grain protein content, and NUE116 
6.3. NAM-A1 allelic variation is associated with grain-filling phase and the onset of 
senescence ..................................................................................................................................... 117 
6.4. Identification of key traits to improve nitrogen use efficiency ..................................... 117 
6.5. Early senescence is a useful strategy for Western Australian conditions ..................... 119 
6.6. Future Research ............................................................................................................. 120 
6.7. Conclusions .................................................................................................................... 121 
APPENDIX………………………………………………………………………………………………………………………………….122 




Nitrogen use efficiency (NUE) of wheat cultivars can be improved by modifying the onset of 
senescence to optimise sink-source balance for target environments. The NUE can be divided 
into two main components: nitrogen uptake efficiency (NUpE), shows the capacity of the plant 
to absorb N from the soil; and nitrogen utilisation efficiency (NUtE), shows the ability to use 
available N within plant to produce grain. Therefore, understanding the mechanism regulating 
NUE and its components is required to produce high yielding cultivars with minimum N 
application. The objective of this study was to investigate the impact of No Apical Meristem gene 
(NAM) on the senescence in relation to NUE in Australian wheat cultivars. An additional aim was 
to identify the critical traits associated with NUE and its components under low and high N 
conditions. Nineteen cultivars of bread wheat (Triticum aestivum L.) carrying different 
combination of NAM gene were studied under three levels of N fertilisation applied at two 
development stages in two-year field trials at Western Australia. Further detailed investigation 
was carried out through two glasshouse experiments using four cultivars with significant 
differences in nutrient remobilisation, which were selected based on the results of field trials 
with different N treatments. In general, NUE showed stronger association with NUpE rather than 
NUtE. The traits correlated to high NUE include, greater above-ground biomass, robust root 
system and stay-green attribute to increase pre-anthesis N uptake and post-anthesis N 
remobilisation. Cultivars carrying functional allele of NAM-B1 or/and NAM-A1a allele accelerated 
the onset of senescence, while the non-functional allele of NAM-B1 or/and NAM-A1c and d 
alleles delayed the onset of senescence. The complete absence of the functional NAM-B1 gene 
is a common phenomenon in Australian wheat cultivars.  However, NAM-A1, a gene with a similar 
vi 
 
function to NAM-B1 involved in remobilising nutrients and accelerating senescence, is 
characteristic of Australian cultivars. Accelerating the onset of senescence results in a short grain 
filling phase reaching to mature grain before the unfavourable summer conditions with dry 
season end and promote better remobilisation of stored carbon and nitrogen at Western 
Australia conditions. As concluded, NUE could be improved by selecting specific combinations of 
NAM gene alleles for target environments by fine-tuning the duration of growth phases 
influencing the sink-source relationships. Furthermore, selecting genotypes with high NUE 
require identifying the key traits under low nitrogen conditions, as well as, under high nitrogen 
conditions.  
Keywords: duration of grain filling, NAM genes, nitrogen remobilisation, nitrogen use efficiency 
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1. Chapter 1 General Introduction 
Efficient use of fertiliser, especially nitrogen (N) is essential to reduce the input cost and the 
negative impacts of agriculture on the environment. The current applications of N in agriculture 
are extremely inefficient, with an average 30-50% of N supplied is taken up by the plants, while 
the residue loss through leaching, denitrification and gas emission (Raun and Johnson 1999; 
Mahjourimajd et al. 2016). The application of N fertilisers is expected to increase more than 
three-fold by 2050 to match with growing food demand, unless N use efficiency (NUE) is 
improved in the modern cultivars (Tilman 1999; Good et al. 2004). Improvement of N efficiency 
in agriculture requires optimising N management and selecting cultivars with high N uptake and 
utilisation efficiency. The proper rate, splitting, and timing of N application are considered the 
most important management strategies to improve NUE in wheat crop (López-Bellido et al. 2005; 
Jan et al. 2010; Haile et al. 2012; Macnack et al. 2014). Split N applications to different rates are 
often recommended to match the N availability with crop demand to reduce N losses, optimise 
crop production and maximise N uptake efficiency. 
On the other hand, cultivars with the ability to utilise N in a most efficient way can produce the 
maximum grain yield under optimum and limited N conditions. Many current studies have found 
that breeding cultivars with better N uptake and utilisation could improve grain yield with 
reduced environmental impact and production costs associated with intensive N application in 
agricultural systems (Nyikako et al. 2014; Garnett et al. 2015; Cormier et al. 2016; Hitz et al. 
2017). The metabolic pathways of NUE and its components are strongly influenced not only by 
genetic variation, but also by the environmental factors such as the interaction of temperature, 
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water deficit, N availability and other environmental factors (Moll et al. 1982; Xu et al. 2012). In 
most Australian regions, and especially in Western Australia, the climate has been warmed up by 
about 1 °C due to climate change in the last century (Andrys 2016; BOM 2016). In Western 
Australia, the Wheatbelt regions are classified as Mediterranean climate with most of the rainfall 
occurring in the winter season (Ludwig et al. 2009). In Mediterranean climate, wheat is grown 
with most of the rainfall and temperature are favorable during the vegetative phase followed by 
water deficit and higher temperatures during grain filling period. In a study investigating the 
climate change in the Wheatbelt region of Western Australia, Ludwig et al. (2009) reported that 
since 1975 the average of winter rainfall has decreased by 11% during the wheat growing season 
(May to October). 
In wheat, the grain filling is supplied by two main sources: the current assimilates produced by 
photosynthesis in the leaves and remobilised the stored nutrients from the tissue into developing 
grains (Plaut et al. 2004; Ehdaie et al. 2008; Maydup et al. 2010). However, the current assimilate 
become limited under water stress, due to the decreases in photosynthetic rate relative to the 
reduction of leaf stomatal conductance (Blum 1997; Wang et al. 2015). Therefore, the 
contribution of mobilised carbohydrates could be the principal source into the developing grains 
under stress conditions. According to Palta et al. (1994) who found that the contribution of 
current post-anthesis assimilation was decreased by 57%, while the remobilisation of stored 
carbohydrates was increased by 36% into the total grain carbon under water deficits conditions. 
Therefore, developing adapted cultivars with early senescence and high remobilisation is 
required to avoid the stress conditions occurring during the reproductive growth stage and 
achieve the maximum grain yield under Mediterranean climate. 
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Many recent studies have noticed a clear correlation between accelerating senescence and 
enhance nutrient remobilisation through positional cloning of GPC-B1 (grain protein content) 
gene in wheat. The functional GPC-B1 or NAM-B1 allele from ancestral wild emmer wheat is 
reported to be a potential genetic factor for improving nutrient remobilisation from leaves to 
developing grains leads to increased grain protein content but reduced grain weight (Uauy et al. 
2006b; Asplund et al. 2013; Eagles et al. 2014; Alhabbar et al. 2018a). However, genotypes with 
non-functional NAM-B1 allele delayed senescence and reduced grain protein content, but 
increased grain yield (Uauy et al. 2006b; Hagenblad et al. 2012). Similarly, Cormier et al. (2015) 
found that NAM-A1 is a gene with similar function to NAM-B1 that is located on chromosome 6A 
and is also associated with nutrient remobilisation and accelerated senescence. They identified 
four alleles (a, b, c, d) of NAM-A1 gene detected in the global and Australian bread wheat 
collections (Cormier et al. 2015; Yang et al. 2018). The NAM-A1a allele is mainly found in spring 
wheat cultivars with a high grain protein content (GPC), low grain yield and short growing season. 
The NAM-A1d allele is mostly represented in modern European cultivars and is associated with 
high grain yield. On the other hand,  genotypes carrying the NAM-A1b and c alleles were 
intermediate between those carrying NAM-A1a and NAM-A1d. The functional NAM-B1 allele is 
generally absent in most of the bread wheat cultivars due to the demand of selection for high 
yield during the last century (Masclaux‐Daubresse et al. 2008; Hagenblad et al. 2012; Asplund et 
al. 2013). Therefore, the NAM-A1 gene can be a valuable source to adjust the duration of the 
























2. Chapter 2 Literature Review  
2.1. Wheat is a global agricultural crop  
Wheat was domesticated around 10 000 years ago in Mesopotamia (which includes the modern 
countries of Iraq, Iran, Turkey, and Syria), at a time when humans were transitioning from being 
hunter-gatherers to being farmers (Putterman and Trainor 2006; Zohary et al. 2012). Most of the 
human being is dependent on cereals that include major crops like wheat, barley, maize, rice and 
oat. Wheat is considered the third largest crop in the world behind corn and rice, with annual 
production at over 700 million tons in 2017 (Asseng et al. 2011; FAOSTAT 2017). Global wheat 
consumption has increased in the past four decades to around 700 million tonnes annually. 
Australia contributes only about 3-4% of the world's wheat production, while Australia's total 
wheat exports represent around 15% of the global world wheat trade annually (Australian Bureau 
of Statistics 2006). The total Australian wheat production is estimated at 24.5 million tons in 2016 
(FAOSTAT 2016a). In Western Australia, wheat is making up 70 percent of total annual grain 
production and generating around $2 billion for the state economy each year. Western Australia 
produces about 44% of Australia's total annual wheat production with more than 95% of this is 
exported predominantly to Asia and the Middle East (Australian Bureau of Statistics 2018). The 
European Union, the United States, Russian, Canada, and Australia represent the world's major 





Figure 2- 1 The major eight wheat exporters in the world during 2016. Note: Adapted from 
http://www.fao.org/3/a-I5703E.pdf. Copyright 2016 by FAOstat. 
 
Wheat was introduced into Australia in 1788 during the European settlement. William Farrer, a 
wheat breeder, developed wheat varieties adapted to the Australian conditions. He produced 
the first Australian (Federation) that was early maturity, rust-resistant, and high-yielding (Cane 
et al. 2008). Most of wheat grown in Australia is hexaploid wheat (Triticum aestivum L.). 
Hexaploid wheat (bread wheat) possess A, B and D genomes, with seven pairs of each 
chromosome. Hexaploid wheat arose from spontaneous hybridisation between the tetraploid 
species Triticum turgidum L. and the diploid species Aegilops tauschii (Crespo Herrera 2014). 
2.2. The role of N in plant growth 
World population is expected to reach 9 billion people by 2050 therefore, it will be essential to 
increase the agricultural production over 1.7 fold to meet the increasing food demand (Hirel et 
al. 2007). Increased crops production could be achieved by increasing the cultivated land area, 


























nitrogen fertilisers have been applied extensively to increase grain yield and quality. Currently, 
total fertiliser nutrient (N+P2O5+K2O) consumption is estimated at 190 million tonnes in 2016 and 
is forecast to reach about 200 million tonnes in 2019 (Figure 2-2), use annually in global 
agriculture (FAOSTAT 2016b).  
 
Figure 2- 2 The global consumption of the three main plant nutrients (N+P2O5+K2O). Note: Adapted 
from http://www.fao.org/3/a-i5627e.pdf Copyright 2016 by FAOstat. 
 
The formation of ammonia by the Haber-Bosch process was one of the most important 
discoveries of the 20th century, which allows the further production of food for nearly half of the 
world population (Hirel et al. 2011). The N element is a fundamental factor limiting plant growth 
and productivity of most cropping systems because of its dominant role in plant development 
mechanisms as a necessary component of cell walls, cytoplasmic proteins, nucleic acids, and 
chlorophyll in the plant (Olson and Kurtz 1982; Leghari et al. 2016). Nitrogen deficiency results in 
reduced growth, appearances of chlorosis (yellowing of leaf tissue due to a lack of chlorophyll), 




















chlorophyll content could significantly decrease photosynthesis rate leading to reduced grain and 
protein yield. The N content of the atmosphere is about 78% but is not directly available to the 
plant activity. The complexity of N cycle prevents accurate estimation of crop performance and 
makes it challenging to determine the efficient uses especially at the early stage (Muurinen 
2007). 
The plants absorb N as nitrate (NO3-) and ammonium (NH4+) from the soil, but because 
nitrification is unusually pervasive in agricultural lands, most of the nitrogen taken up by the plant 
is as nitrate. The ability of plants to capture N naturally or from the applied fertilisers before 
leaching, is one of the critical difficulties limiting N use efficiency in the crops. Supplied the 
appropriate dose of N fertiliser at the optimal time is essential in improving NUE but is 
complicated when excess fertiliser than the plant requirements can reduce uses efficiency 
(Macnack et al. 2014). In wheat, the highest demand of N fertiliser range between tillering and 
stem elongation stage when the plant targeting high biomass and grain yield, while at late stage 
nearby anthesis when targeting high nutrient accumulation (Angus 2001; López-Bellido et al. 
2005). The uptake efficiency of N fertiliser applied at topdressing (Late application) was generally 
reported to be higher than that applied before seeding (Early application) (Isfan et al. 1995; Tran 
and Tremblay 2000; López-Bellido et al. 2005).  
2.3. Factors influencing wheat grain protein content 
Grain protein content (GPC) is a major factor that determines the market price in the 
international wheat market. Wheat is unique among cereals since the flour is capable of forming 
elastic and extensible protein network (the gluten) when mixed with water that will retain the 
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gas evolved during fermentation (Ortolan and Steel 2017). Mature wheat grains contain 8-15% 
protein (Johnson et al. 1985) which is classified into two major groups: non-gluten proteins and 
gluten proteins. The non-gluten proteins are ranged between 15-20% of total wheat protein and 
mainly located in the outer layers of the wheat kernel. The majority of the non-gluten proteins 
are monomeric include albumin, globulin and amphiphilic proteins with a molecular weight are 
mostly under than 25,000 (Singh et al. 1990; Shewry et al. 2003). However, the gluten proteins 
are estimated between 80-85% of total grain protein and mainly stored in the starchy endosperm 
of the mature grain (Goesaert et al. 2005). The gluten proteins can be classified into two major 
groups (gliadins and glutenins) based on their extractability in aqueous alcohol (Shewry, 2003). 
Usually, the gliadins are separated by lactate polyacrylamide gel electrophoresis into four 
subclasses α-, β-, γ-and ω-gliadins. The molecular weight of α-, β- and γ-gliadins are ranging 
between 30000-45000, while ω-gliadins have a high molecular weight ranging between 44000-
75000 (Shewry et al. 2003; Khatkar 2014). A superior quality of baking products requires 
improving wheat flour characterised by high protein and gluten contents, the strength of dough 
and dough stability (Foca et al. 2007). 
The progress of wheat breeding programs to improve GPC facing three main difficulties. First, the 
GPC is strongly influenced by environmental factors, which makes the selection for high GPC in 
different genotypes is difficult (Lawlor 2002; Balyan et al. 2013). Second, there is a negative 
relationship between GPC and grain yield (Simmonds 1995; Brevis et al. 2010). Third, a positive 
correlation of high GPC with nitrogen input has likewise been noticed, so wheat breeders should 
be searching for approaches to enhance GPC in wheat grain, without the requirement for extra 
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nitrogen input. Increasing GPC in current wheat genotypes requires improving N-use efficiency 
by enhancing N-uptake and remobilisation (Brevis and Dubcovsky 2010). 
The GPC is influenced not only by the genetic factors but also by the environmental conditions in 
which the wheat is grown such as timing and dosage of nitrogen application, water, macro- and 
micronutrient availability and temperature during plant development, especially through the 
grain filling period (Daniel and Triboi 2000; Branlard et al. 2001). Generally, traits associated with 
GPC are higher influenced by the environment and the interaction between genotype and 
environment factors, while traits related to protein quality such as dough rheology and starch 
characteristics are more affected by genetic factors (Williams et al. 2008). Many quantitative trait 
loci (QTL) studies were conducted analysing the various loci govern complex trait and provide 
effective tools for breeders to improve GPC in wheat (Joppa et al. 1997; Prasad et al. 1999; Groos 
et al. 2003). 
Since the 1970s, breeding programs have carried a lot of studies to enhance GPC in the wheat 
and achieved this goal by identifying GPC-B1 the responsible gene of high GPC in wild emmer 
wheat (Avivi 1978). The effect of GPC-B1 was studied in various environments and genetic 
backgrounds using a set of tetraploid and hexaploid pairs of isogenic lines. The GPC-B1, which 
encodes a transcription factor of the NAC (NAM, ATAF and CUC) family, NAM-B1 was identified 
in wild emmer wheat and provides efficient translocation of nutrients to the grain (Asplund et al. 
2013) therefore NAM-B1 is being considered as a genetic factor to improve GPC in wheat 
(Maathuis 2009). The functional NAM-B1 allele, induce senescence and increases nutrient 
remobilisation from the leaf into the grains (Waters et al. 2009). Environment factors, especially 
the higher temperature and water stress during grain ripening may cause a relative increase in 
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GPC combined with a loss of starch accumulation. Moreover, nitrogen fertilisation is considered 
as the main tool in crop management that can influence both the protein quantity and quality of 
the crops. The rate and the time of N application are crucial factors, not only to produce high 
grain yield but also to improve GPC and the rheological parameters (Daaloul Bouacha et al. 2015). 
Many studies reported that protein content could be increased efficiently when N fertiliser is 
applied at late stage (near anthesis) rather than early in the season (Abedi et al. 2011; Dick et al. 
2016; Hossain 2017). 
2.4. Nitrogen use efficiency (NUE) 
Global N fertiliser consumption is expected to rise above 118 million tonnes in 2019, around 5% 
higher than recorded in 2014 (FAOSTAT 2016b). Nitrogen use efficiency (NUE) is defined as the 
total biomass or grain yield produced per unit of N application (Moll et al. 1982; Xu et al. 2012). 
Improving NUE of crop plants is important for two reasons: Firstly, the use of commercial 
fertilisers is one of the major expenses associated with the production of high yielding crops. 
Secondly, the environmental damage caused by the use of nitrogen fertilisers is becoming a great 
concern (Vitousek et al. 1997; Guarda et al. 2004; Semenov et al. 2007). Accordingly, a lot of 
attention has been focused on producing cultivars with enhanced N use efficiency because these 
plants would be expected to reduce production costs, and environmental pollution associated 
with heavy N applied to agricultural systems. 
The genetic NUE should be improved for modern wheat cultivars to increase or maintenance 
grain yield with less N fertiliser application. The application of N fertilisers is expected to increase 
more than three-fold in the next 30 years unless nitrogen use efficiency is improved in the 
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modern varieties (Triboï et al. 2003; Good et al. 2004). This can be achieved by optimising N 
management and selecting cultivars with better internal use of N. Many studies have identified 
the key traits to improve nitrogen uptake and utilisation efficiency of wheat cultivars, such as 
above-ground biomass, root system architecture, grain protein content, nitrogen harvest index, 
stay-green and early senescence (Barraclough et al. 2010; Gaju et al. 2011; Gaju et al. 2016; 
Corneo et al. 2017) (Figure 2- 3). The N uptake efficiency was found to be a key contributor to 
NUE under low and high N conditions (Dhugga and Waines 1989; Hitz 2015). Many other studies  
 




found that NUpE is considered for more genetic variation in NUE under low N than at high N 
conditions (Le Gouis et al. 2000; Muurinen et al. 2006; Wang et al. 2011). On the other hand, 
other studies observed that NUtE explained more of the variation in grain yield than NUpE under 
low and high N condition (Barraclough et al. 2010; Gaju et al. 2011). Therefore, understanding 
the mechanisms regulating these two processes is crucial for the improvement of NUE in crop 
plants. 
High NUE cultivars can be described as being able to produce greater than average yields in low 
N environments (Nyikako et al. 2014). They have also been defined as genotypes that can 
produce higher yields when additional N is provided (Van Sanford and MacKown 1986). NUE of 
the modern wheat cultivars is not optimal because they were selected under non-limiting 
fertilisation conditions in the breeding programs (Raun and Johnson 1999; Guarda et al. 2004). 
Improving NUE can be managed in cropping system components by adjusting a proper approach 
to get high outputs with low inputs of N fertiliser. Controlling the rate and time of nitrogen 
application is an essential strategy to maximise crop utilisation and minimise the losses of N 
applied. 
Up to now, many studies (Abbasi et al. 2012; Haile et al. 2012; Ierna et al. 2016; Shah et al. 2016) 
reported that the impact of N fertilisation practices such as the applied N dose, splitting, and 
timing of the N application on yield and yield components of the wheat crop. According to these 
studies, the time of N application has a highly significant effect on the N use efficiency. The 
nitrogen fertiliser is commonly applied early in the season, either just before or at sowing, or 
during the first few weeks after sowing at tillering stage (Riar and Coventry 2013). However, late 
N applied provides increased management flexibility by allowing farmers to adjust N rates 
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according to the plant demand. The maximum N use efficiency can be achieved when the supply 
of available N in the soil matches the demand for N by the crop (Angus 2001; Riar and Coventry 
2013). The greatest crop N demand is usually reached between tillering and stem elongation 
phases when the crop is accumulating aboveground biomass rapidly (Angus 2001; López-Bellido 
et al. 2005). However, other studies have found when the N is applied close to the flowering it is 
sufficient for increase N uptake during grain filling phase (Woolfolk et al. 2002; Ma et al. 2006; 
Blandino et al. 2015). Therefore split N application is a sustainable strategy to improve N use 
efficiency by reducing losses through leaching and runoff of cropping system (Abbasi et al. 2012; 
Sun et al. 2012; Bejbaruah et al. 2013). 
2.4.1. Nitrogen uptake efficiency (NUpE) 
Nitrogen uptake efficiency (NUpE) is defined as the rate N acquired by the plant from total N 
available in the soil (generally indicated as the capacity of plant roots to uptake N from the soil). 
The total N uptake from soil is affected by the developmental stage of the plant. The maximum 
nitrogen uptake occurred in periods of vegetative growth as the root system expands and leaves 
and stems develop, while that declined during plant maturation and grain filling phase. In wheat, 
the period of highest N uptake matches with the time of rapid biomass accumulation, which 
ranged between tillering and flowering stages (Figure 2- 4) (Geisseler and Horwath 2016). The N 
uptake rates can be affected by both genetic and environmental factors (Delogu et al. 1998; Le 
Gouis et al. 2000). The genetic factors that affect NUpE include root architecture, above ground-
biomass, stay-green traits and any other characteristic that impacts the plant's ability to extract 




Figure 2- 4 Nitrogen uptake at different growth stages of wheat (Geisseler and Horwath 2016) 
Improving the ability of root systems to absorb more N at early stages is an effective strategy to 
minimise leaching losses and maximise the efficiency of N uptake in wheat (Liao et al. 2004). 
However, a study conducted by Kamiji et al (2014) found that the rate of N accumulation is 
affected more by aboveground biomass than the ability of the root system to catch up N in wheat, 
especially under low N conditions. Aboveground biomass possesses an essential function to 
improve N uptake by increasing the storage facilities, especially during the vegetative phase 
when the N is available in the soil. The genetic progress to improve NUpE in wheat required to 
increase above-ground biomass and this must be obtained without additional N fertiliser inputs 
(Gaju et al. 2016). Moreover, stay-green genotypes with slower senescence provide a longer 
grain filling period resulting in improved N uptake mainly as a result of greater biomass 
accumulation during grain filling in response to increased sink demand (Barraclough et al. 2010; 
Hitz et al. 2017). 
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The N uptake is mainly influenced by the crop growth rate and is therefore affected by 
environmental factors, such as nitrogen condition, water availability, soil type, temperature and 
solar radiation. The N uptake rate is determined mainly by the amount of N supply and demand 
during the various stages of plant growth. Under Mediterranean conditions, the N uptake rate is 
often reduced due to the water deficiency at the end of the plant cycle with a direct impact on 
yield and quality of the grain (Abreu et al. 1993). Moreover, the physiological parameters of soil 
such as pH and temperature are more critical to N uptake rate than root characteristics, especially 
under high N conditions (Glass 2003; Ruan et al. 2007). Many studies reported that NUpE 
contributes more to NUE at different N conditions, especially under high N environment (Le Gouis 
et al. 2000; Gaju et al. 2016; Nehe et al. 2016). Therefore, understanding the physiological basis 
of variation in NUpE may provide new strategies to improve NUE in wheat. 
2.4.2. Nitrogen utilisation efficiency (NUtE) 
Nitrogen utilisation efficiency is defined as the ratio of grain yield, which produced by the total 
amount of N taken up to the aboveground material at maturity and commonly shows the capacity 
to use the available N within the plant to produce grain yield (Moll et al. 1982; Hirel et al. 2007; 
Nyikako et al. 2014). NUtE is a combination of both N assimilation efficiency (NAE) and N 
remobilisation efficiency (NRE) (Avice and Etienne 2014), and it's governed by a complex network 
of nitrogen cycling enzymes and processes (Masclaux-Daubresse et al. 2010). Nitrogen 
remobilisation occurred immediately after anthesis when the N content decreases in the flag leaf 
(Kong et al. 2016). The quantity of N remobilised into grains mainly depends on nitrogen 
remobilisation efficiency and the amount of stored N during post-anthesis in the plant. 
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Genotypic and environmental factors, known to affect the duration of grain filling, can also 
influence the N translocation (Cormier et al. 2013; Karrou and Nachit 2015; Hawkesford 2017; 
Alhabbar et al. 2018b). Leaf proteins and mainly photosynthetic proteins of plastids are mostly 
degraded during senescence and providing the major source of N to developing grains (Masclaux-
Daubresse et al. 2010). Therefore, early senescence and stay-green phenotypes could influence 
the N utilisation by modifying the duration of grain period. Delaying leaf senescence results in an 
extension of photosynthesis that increases N and carbon accumulation in the plant parts, but 
could lead to negative impact on N utilisation (Masclaux-Daubresse et al. 2010). The N 
remobilisation and senescence are also regulated by the balance between N availability and the 
demand in the plant (Triboi and Triboi-Blondel 2002; Lim et al. 2007). 
The N and water deficiency can accelerate the senescence during grain filling resulting in 
improved remobilisation of storage N to the grains (Gan and Amasino 1997). On the other hand, 
heavy use or late N applications usually lead to maintaining leaf greenness through a higher N 
uptake during grain filling (Yang et al. 2000b). The stored N during pre-anthesis is essential to 
determine the remobilisation of N during post-anthesis in wheat, especially in the Mediterranean 
climate (Palta et al. 1994; Barbottin et al. 2005). Furthermore, foliar diseases like leaf rusts, 
Septoria blotch, and powdery mildew would reduce the N translocation from the vegetative parts 
into the developmental grains during the grain filling stage (Dimmock and Gooding 2002). Many 
studies found that NUtE had higher influence over NUE under different N conditions, especially 
under low N environment (Barraclough et al. 2010; Gaju et al. 2011). Therefore, understanding 
the factors affecting NUtE, breeding programs will achieve the more progress of NUE. 
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2.5. Traits associated with NUE 
Genetic and physiological components of plants have substantial influences on uptake and 
utilisation of nutrients under various environmental conditions. The interactions of genetic, 
morphological, and physiological plant traits with abiotic and biotic factors such as water and 
nutrient deficiency, extreme temperature, day-length or pathogen infection need to be more 
thoroughly evaluated to improve the NUE in plants (Baligar et al. 2001). In the wheat plant, 
several agronomic traits such as crop growth rate, leaf area, plant height, total biomass, head 
number, seed number, chlorophyll content, and duration of grain filling are negatively influenced 
under nitrogen deficienct conditions (Kichey et al. 2007; Bogard et al. 2011; Gaju et al. 2011; 
Hawkesford 2017). However, selecting genotypes under different N conditions are essential to 
identifying the potential to perform well under optimal and limiting N conditions (Hitz et al. 
2017). 
Selecting genotypes to produce a high grain yield under low N condition requires the 
identification and testing of traits under this condition (Brancourt-Hulmel et al. 2005; Gaju et al. 
2011). In a study investigating the functional traits that can be associated with NUE in wheat and 
it identified six important traits: leaf chlorophyll content, seed number, head number, above-
ground biomass, vegetative phase duration and grain filling period (Asplund et al. 2016). 
However, Nehe (2016) reported that grain yield, above-ground biomass and above-ground N 
showing novel wheat traits for improved NUE. Many studies have indicated that about 60-95% 
of grain N of wheat derives from the remobilisation of N stored before anthesis in the above-
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ground biomass (Hirel et al. 2007; Barraclough et al. 2010; Kong et al. 2016). This storage pool 
has an essential capacity to provide further N after post-anthesis. 
A possible approach to increase above-ground biomass is developing genotypes with early 
vigorous growth rates would improve nutrient uptake and accumulation. Utilised genotypes with 
high early vigour could adjust the synchronisation of crop N demand and the availability of N 
during early development growth stages (Liao et al. 2004; Pang et al. 2014). In another study 
carried out by Gaju et al. (2011) found that the onset and the rate of post-anthesis senescence 
were associated with NUtE and NUE of wheat grown under low N conditions. Stay-green 
genotypes possess a slower senescence provide a further N uptake and accumulation during 
grain filling period (Bogard et al. 2011; Christopher et al. 2014; Swain et al. 2014). Hence, stay-
green traits are capable of superior N uptake and accumulation, which ultimately provides 
further gains in NUE. 
2.6. Leaf senescence and NUE 
Senescence is the final developmental stage of plant cells and is extremely affected by both 
genetic and environmental factors. It starts around 8-16 days after anthesis, which can allow 
more recycling of nutrients from vegetative parts into grains (Lim et al. 2007; Distelfeld et al. 
2014). During the development and growth stages, the leaf becomes photosynthetically 
competent and accumulate nutrients facilities, then enter the senescence phase, followed by 
their death. Structurally, there is a unique pattern of senescence at the cellular level 
accompanied by the change of the leaf colour due to the breakdown of chlorophylls (Woo et al. 
2013). The loss of chloroplast integrity occurs in the beginning, while the analysis of the nucleus 
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is a relatively late event until accomplishing the recycling process in leaf cells (Gan and Amasino 
1997). 
The environmental factors that influence leaf senescence can be classified into abiotic and biotic 
factors.  The abiotic factors include water and nutrient deficiency, extreme temperature and day-
length; the biotic factors include pathogen infection. These unfavorable environmental factors 
can induce leaf senescence in the plant (Lim et al. 2003). Nitrogen availability has a strong effect 
on the onset and the rate of senescence. For instance, the low N condition leads to accelerated 
senescence, while high N condition can delay senescence (Gan and Amasino 1997; Martre et al. 
2006), because senescence depends on the balance between N availability and demand in the 
plant (Triboi and Triboi-Blondel 2002). Hence, investigating leaf senescence will provide valuable 
information about recycling of nutrients from vegetative parts to the grains, and may also lead 
to ways of manipulating senescence for improving grain yield, protein content and NUE in the 
plant. 
2.6.1. Senescence-associated genes (SAGs) 
The acceleration of leaf senescence is influenced by many different genes associated with natural 
senescence. In a study to examining of changes in global gene expression patterns in Arabidopsis 
has identified more than 800 genes during developmental leaf senescence (Buchanan‐Wollaston 
et al. 2005). Discoveries in the molecular understanding of leaf senescence were achieved by 
characterisation of several stay-green and early senescence genes, which exhibited the nature of 
regulatory factors and a highly complex molecular regulatory network underlying leaf senescence 
(Lim et al. 2007). 
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NAM-B1 gene, which encodes a transcription factor of the NAC family, accelerates senescence 
and increases nutrient remobilisation from leaves tissue to developing grains. Three allelic 
variants of NAM-B1 were known including the wild, mutated and deletion type (Asplund et al. 
2010). The functional allele of NAM-B1 increases grain protein, zinc and iron content but reduces 
the grain filling period (accelerate senescence) resulting in decreased grain weight in some 
genetic backgrounds (Brevis et al. 2010). The wild emmer wheat (Triticum turgidum ssp. 
dicoccoides (DIC), which carry a functional NAM-B1 allele, is recognised as one of the rich sources 
of genetic variation in GPC. However, the NAM-B1 gene of most modern wheat cultivars is absent 
or non-functional (mutated), which has an opposite effect; delayed senescence by over three 
weeks (Uauy et al. 2006b; Waters et al. 2009; Asplund et al. 2013; CHEN et al. 2017). 
Moreover, many genes upregulated during senescence, designated as senescence-associated 
genes (SAGs) have been identified in various species (Lohman et al. 1994; Buchanan-Wollaston 
1997; Quirino et al. 2000; Lee et al. 2001; Lim et al. 2007). The senescence of the modern wheat 
cultivars is a variable which might be correlated to the variability of their NUE and its 
components. Therefore, understanding the genetic control of the onset of senescence and 
identified the genes involved in the senescence process is of fundamental importance for 
improving the NUE. 
2.6.2. Hormonal regulation and leaf-senescence 
During senescence, leaf cells undergo usually regular changes in cell structure, metabolism, and 
gene expression. The earliest change in cell structure is breakdown of the chloroplast that 
contains up to 70% of the leaf protein as well as most of the metabolic enzymes involved in 
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photosynthesis, photorespiration, nitrogen assimilation, and amino acid biosynthesis (Lim et al. 
2007; Guiboileau et al. 2010). During leaf senescence, many hormonal pathways are involved 
along with age controlled senescence (Lee et al. 2001; van der Graaff et al. 2006; Lim et al. 2007; 
Schippers et al. 2007). The metabolic pathways occurring during senescence are necessary to 
support plant growth and reproduction, and the leaf cells require to remain viable until the 
mobilisation of the whole nutrients in the leaf (Buchanan‐Wollaston et al. 2005)  
Senescence is accelerated by plant hormones like ethylene, abscisic acid (ABA), and jasmonic acid 
(JA) or delayed by cytokinin, giberellic acid and auxin that mediate plant responses to 
environmental factors (Guiboileau et al. 2010; Kong et al. 2013). In a study examining the 
hormonal regulation to leaf-senescence under stress conditions,Yang et al. (2003) found that 
both cytokinins and abscisic acid are involved in controlling plant senescence through enhanced 
carbon remobilisation and accelerated grain filling rate in wheat (Yang et al. 2003). For example, 
high levels of cytokinins are detected in the endosperm of developing seeds that may contribute 
to the cell number and cell division activity (Morris et al. 1993; Yang et al. 2000a), while a high 
concentration of abscisic acid increase carbon remobilisation from senescing leaves to the 
developing grains in wheat (Tietz et al. 1981; Munné-Bosch and Alegre 2004). 
2.7. Senescence monitoring techniques 
Spectral sensors are rapid and efficient tools could be used to improve NUE by determining the 
proper rate and time of nitrogen fertiliser application. A synchronisation between N supply and 
crop demand could be contributing to the improvement of crop productivity and reduce 
economic losses. Spectral sensors are presenting diagnostic methods to detect nutrient 
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deficiency early enough to avoid yield or quality losses (Pinter Jr et al. 2003). Most spectral 
sensors used in agriculture measure the type and intensity of the light reflected or emitted from 
the plant canopy. The amount of radiation reflected is inversely related to radiation absorbed by 
plant pigments and varies with the wavelength of incident radiation. Plant pigments such as 
chlorophyll show low absorption at wavelengths corresponding to blue and red between 400 to 
700 nm, particularly at wavelengths such as 430 (blue) and 660 (red) nm for chlorophyll a and 
450 (blue) and 650 (red) nm for chlorophyll b (Chappelle et al. 1992; Pinter Jr et al. 2003; Mulla 
2013).There are several spectral sensor instruments currently used to measure the individual 
leaves (i.e., SPAD-502, Apogee, Dualex-4, Chlorophyll fluorescence) while other instruments can 
measure whole crop canopy (i.e., Yara N-Sensor, GreenSeeker, CropScan). 
Plant stress, such as nutrient deficiency, drought or senescence at late stages usually results in 
low chlorophyll concentration that allows expression of accessory leaf pigments to increase the 
green reflectance (near 550 nm) towards longer wavelengths which results in pale yellow colour 
(Adams et al. 1999; Pinter Jr et al. 2003). Blackmer et al. (1994) compared the light reflectance 
from corn leaves found that light reflectance near 550 nm could be utilised to detect N 
deficiencies in the corn crop. In stressed wheat, chlorophyll content can reduce resulting in rising 
reflectance in the visible (VIS) 400–700 nm and infrared (IR) 700–1100 nm ranges due to changes 
in the cell structure of the plant (Ayala-Silva and Beyl 2005). Many studies have examined the 
relationships between spectral vegetation indices with  various  agronomic parameters in wheat 
such as grain yield, biomass, N concentration, and traits like stay-green to improve the 
productivity (Wood et al. 1993; Shanahan et al. 2001; Le Bail et al. 2005; Babar et al. 2006).  For 
instance, N concentration could be predicted using reflectance in the red and green regions, 
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while grain yield could be evaluated using reflectance in the NIR region (Osborne et al. 2002). 
Moreover, NUE of the wheat crop was improved 15% when N fertilisation was applied based on 
optically sensed compared with traditional practices (Raun et al. 2002). 
2.8. Relative comparison of stay-green and early senescence 
Stay-green is a term used to describe genotypes that extended foliar greenness during grain 
filling, associated with greater aboveground biomass, grain protein, and yield production (Borrell 
and Hammer 2000; Thomas and Howarth 2000; Christopher et al. 2008b). It has been suggested 
that stay-green genotypes with a slower senescence would provide a longer grain filling period 
led to assimilate and uptake more carbon and nitrogen than senescent genotypes. Improved the 
nutrients uptake and accumulation by stay-green phenotypes is a result of greater biomass 
accumulation during grain filling phase in response to increased sink demand. Hence, stay-green 
genotypes are capable of superior nutrients uptake and accumulation, which ultimately can 
improve the NUE (Barraclough et al. 2010; Hitz et al. 2017). Several studies have been conducted 
to investigate the genetic variation of stay-green phenotypes on NUE in sorghum (Borrell and 
Hammer 2000; Addy et al. 2010), maize (Mi et al. 2003; Subedi and Ma 2005), barley (Han et al. 
2016), and wheat (Christopher et al. 2008b; Gaju et al. 2011). The total photosynthesis across the 
whole plant cycle can be improved by extending the duration of active photosynthesis (Spano et 
al. 2003). 
The stay-green phenotypes are classified into five types based on the onset and the rate of leaf 
senescence during the grain filling (Thomas and Howarth 2000). Type (A) delayed the onset of 
senescence with a regular rate of senescence. Type (B) regular onset of senescence with a slower 
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rate of senescence. Type (C) stay‐green and maintains the chlorophyll indefinitely resulting from 
lesions but lack photosynthetic capacity. Type (D) stay-green due to rapid leaf death by freezing, 
boiling or drying. Type (E) leaves of the stay-green genotypes tend to be greener at maturity than 
those of the early genotype. In general, therefore, it seems that only types A and B could consider 
as functional stay-green due to maintaining photosynthetic capacity during grain filling phase. 
The stay-green phenotype can have a positive impact on the productivity of wheat plant, 
particularly under drought stress conditions (Christopher et al. 2014). However in other study 
argue that stay-green phenotype could be increased the biomass, but only in few cases increase 
grain yield (Gregersen et al. 2013). 
In contrast, selecting wheat genotypes with early flowering or/and short grain filling period could 
improve the productivity due to avoidance of some the unfavorable seasonal conditions. In many 
studies reported that the functional NAM-B1 gene can accelerate senescence and increases 
nutrient remobilisation, resulting in higher grain protein content (Uauy et al. 2006b; Asplund et 
al. 2013; Eagles et al. 2014). A recent study used NAM RNAi plants with delayed senescence has 
found that starch accumulation and final grain yield is determined by grain filling capacity rather 
than the duration of photosynthesis (Borrill et al. 2015). Accordingly, selecting stay-green or early 
senescence genotypes should consider the experimental conditions because different N rates or 
drought stress often appears to affect the results. 
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2.9. Effects of Climate Change on Wheat Production in Western 
Australia region 
Global food security became the most critical challenge due to climate change in the worldwide. 
Global human population is expected to increase to nearly 9.2 billion by 2050 (Nelson et al. 2010). 
Hence, the growing demand for greater food production coupled with climate change is putting 
enormous pressure on the breeding programme to improve high yielding genotypes. The high 
temperature with water deficient resulted by climate change will adversely influence crop 
productivity. Many recent studies which set out to determine climate change have indicated that 
high temperatures, drought, variable rainfall, flooding, coastal storms are likely to cause a 
significant decrease in global food security (Battisti and Naylor 2009; Wheeler and Von Braun 
2013; Cheeseman 2016). The increasing temperature and the consequent changes in climate 
negatively impact on the rate of plant growth resulting in estimated yield losses of 3–17% of 
wheat production by each degree rise in temperature (Mondal et al. 2013; Akter and Rafiqul 
Islam 2017). 
Australia's climate has warmed by around 1 °C since 1910 (BOM 2016) (Figure 2-5). The 
southwest of Western Australia, which is an area of significant agricultural production, has 
experienced marked rainfall reductions during the last four decades. It expected that maximum 
temperature extremes would increase, with a decrease in rainfall during the next 40 years linked 




Figure 2- 5 Annual mean temperature changes across Australia since 1910 (BOM 2016)  
 
In the southwest of Western Australia, around 5 million hectares are planted to wheat, which 
mainly grown in areas with an average rainfall (280 and 550 mm) annually, over 75% of the rain 
falls between May and October (Ludwig et al. 2009). Improvements in management strategies 
and breeding new cultivars have effectively improved the water use efficiency of wheat in spite 
of rainfall has declined in Western Australia (Sudmeyer et al. 2016). 
The increase in wheat production is attributed to the improved in management strategies, such 
as early sowing, fertiliser use, zero tillage systems, and integrated weed control in Western 
Australia over the last 30 years (Morgan et al. 2008; Asseng and Pannell 2013). The high 
temperature leads to shortened the phenological phases of crops development stages, 
particularly during developmental stage and influences adversely the productivity (Teixeira et al. 
2013). Wheat is a sensitive crop to high temperatures (above 30 °C) especially, during booting 
and anthesis stages resulting reductions in grain yield and quality (Alghabari et al. 2014). At 
anthesis, high temperatures effect in pollen viability and restrict embryo development led to 
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decreasing grain numbers, however, after anthesis high temperatures influence in the rate of 
grain filling resulted in reducing grain yield in wheat (Dias and Lidon 2009; Prasad et al. 2011; 
Mondal et al. 2013). Moreover, extreme heat episodes during grain-filling can accelerate 
development of the crops causing mature the grain with more gliadin and thus to produce weaker 
doughs (Blumenthal et al. 1991). In Western Australia, wheat is grown with most of the rainfall 
and temperature are favorable during the vegetative phase but with insufficient rainfall and 
higher temperatures at grain filling. In Mediterranean climates such as Western Australia, 
selecting early maturing cultivars (shortens grain filling period) might be produced ripe grain 
before the unfavorable conditions occur. 
2.10. Aims of this study 
In most Australian regions and especially in Western Australia the climate change has resulted in 
more heat events and an increase in the intensity of droughts. Western Australia wheat 
production is expected to be decreased by 21 % to achieve 7.9 million tonnes in 2018 due to the 
climate change (ABARES 2018). The extreme climate, particularly during grain filling, has already 
been associated with reductions in wheat productivity. Even a short period of extremely high 
temperature during grain filling phase can cause a severe yield reduction through limiting the 
potential sources of grain filling. The most common approach to improve crop production is 
increasing fertiliser inputs, particularly nitrogen (N) fertilisers or selecting cultivars with high 
yielding. High N application can improve grain yield but lead to increase production costs and risk 
of environmental pollution. The application of N fertilisers will be increased three times due to 
the low nitrogen use efficiency (NUE) in modern wheat cultivars (Good et al. 2004). High NUE 
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cultivars can be described as being able to produce greater than average yields in low N 
environments. Australian wheat productivity has increased despite the climate changing during 
the last century due to the improvement of crop productions as well as crop management. 
Therefore, the main objectives of this study were to  
1) Evaluate the nitrogen use efficiency of nineteen Australian wheat cultivars carrying different 
NAM gene architecture.  
2) Identify the essential traits related to NUE under low and high N conditions.  
3) Relate the variation in NUE with the different NAM-A1 gene architecture (early and late onset 
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3.1. Abstract 
Wheat grain yield and protein content are significantly influenced by the onset of senescence 
and the duration of the grain filling phase. The onset of senescence also affects Nitrogen use 
efficiency (NUE) through interacting pathways involving N accumulation and translocation of N 
into the grains. The objective of this study was to relate variation in NUE and its components with 
two groups of the NAM-A1 gene alleles; (i) early onset of senescence in cultivars carrying the 
NAM-A1a allele, (ii) delayed onset of senescence in cultivars carrying the Non-NAM-A1a allele (b, 
c, d) in wheat cultivars grown under Western Australia conditions. A field trial was carried out 
over two seasons examining 19 cultivars under different N rates and time of N application. The 
Normalised Difference Vegetation Index was utilised to determine the onset of senescence after 
anthesis. The early onset of senescence results in high grain yield, harvest index, and NUE due to 
improvements in the N utilisation ability. Accelerating the onset of senescence results in a short 
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grain filling period leading to grain maturity before the onset of unfavourable summer conditions. 
The function of alleles of NAM-A1 gene in controlling senescence hence the NUE is highly 
regulated by environmental conditions. This study concluded that the function of NAM-A1a allele 
induces the onset of senescence with a positive effect on the NUE and its components under 
Western Australian conditions.  
Keywords: NAM-A1 gene, Nitrogen use efficiency (NUE), Normalised Difference Vegetation 
Index, The onset of senescence.  
3.2. Introduction  
Nitrogen use efficiency (NUE) of cereal crop production is around 33% due to the loss of N 
fertiliser by soil system and the low efficiency of N element uptake and usage by the crop (Raun 
and Johnson 1999). NUE can be improved by optimising N fertilising regime and selecting 
cultivars with a better N uptake and utilisation efficiency. Nitrogen uptake efficiency (NUpE) 
indicates the capacity of the plant to adsorb N from the soil, while nitrogen utilisation efficiency 
(NUtE) indicates the amount of grain production by available N in the plant (Lea and Azevedo 
2006; Hirel et al. 2007). Moreover, N utilisation efficiency (NUtE) includes both N assimilation 
efficiency (NAE) and N remobilisation efficiency (NRE) (Avice and Etienne 2014). Many studies 
have found that NUpE is a key contributor to NUE at all N conditions (Dhugga and Waines 1989; 
Hitz et al. 2017), while NUtE is considered more as genetic variation of NUE, most influential 
under low nitrogen conditions (Le Gouis et al. 2000; Wang et al. 2011). On the other hand, 
Barraclough et al. (2010) found that NUtE explained most of the variations in grain yield than 
NUpE under low and high N condition (Barraclough et al. 2010). This view is supported by Gaju 
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et al. (2011) who reported that genetic variation in NUE under low N is more correlated to the 
diversity of NUtE compared to that of NUpE (Gaju et al. 2011).  
Grain filling usually depends on the amount of N remobilised during grain filling from the 
accumulated N in the plant during the vegetative phase (Palta et al. 1994; Barbottin et al. 2005). 
Thus, N stored at pre-anthesis is crucial in wheat particularly in the Mediterranean climate like 
Western Australia due to the relatively shorter grain filling period. Many studies have shown that 
about 60-95% of grain N come from the remobilisation of N stored in plant parts before anthesis 
(Hirel et al. 2007; Barraclough et al. 2010; Kong et al. 2016). Therefore, a better understanding 
of the mechanisms affecting NUtE could improve NUE of crops through breeding programs. 
Senescence is the final developmental stage of plant cells allowing recycling of nutrients from 
vegetative parts to the developing grains which is strongly influenced by both the genetic and 
environmental factors (Lim et al. 2007; Distelfeld et al. 2014). Nitrogen availability has a strong 
effect on senescence timing as senescence relies on the balance between N availability and the 
N demand by the plant (Triboi and Triboi-Blondel 2002). For instance, low N conditions lead to 
accelerated senescence, while high N conditions can delay senescence (Gan and Amasino 1997; 
Martre et al. 2006). In contrast, genetic factors modulate this balance either by a direct effect on 
the key factors of the senescence such as N remobilisation and uptake or through an indirect 
effect on the ratio between source and sink organs (Bogard et al. 2011). In wheat, the onset of 
senescence is correlated with the translocation of nutrients from leaves to developing grains 
which influences the utilisation efficiency. Both the C and N accumulation and C and N 
translocation into the grains are involved in maintenance of green leaves and the onset of 
senescence (Kipp et al. 2014). The functional NAM-B1 gene, which encodes for a transcription 
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factor of the NAC family, accelerates senescence and increases nutrient remobilisation from 
leaves tissue to the grains (Waters et al. 2009). 
Senescence can influence crop production in two ways, by modifying the nutrient remobilisation 
efficiency, or by changing the duration of photosynthesis. The GPC-B1 or NAM-B1 gene from wild 
emmer wheat is reported to be a genetic factor to improve grain protein content in bread wheat 
without reducing grain yield (Eagles et al. 2014). However, some controversial results have been 
reported towards its effects on grain yield. Asplund et al. (2010) reported a negative yield effect 
from functional NAM-B1 allele (Asplund et al. 2010). Most of the bread wheat cultivars 
worldwide carry a non-functional allele of NAM-B1 (Hagenblad et al. 2012). Its homeolog NAM-
A1 is a gene with similar function that locates on chromosome 6A and is also associated with 
nutrient remobilisation to the grain and accelerated senescence (Cormier et al. 2015). So far 
there are four different NAM-A1 alleles detected in bread wheat cultivars in Australia and world-
wide (Cormier et al., 2015, Yang et al. 2018). The NAM-A1a allele is mainly found in spring wheat 
cultivars with high grain protein content (GPC), low grain yield and short growing season. The 
NAM-A1d allele is mostly represented in modern European cultivars with a high grain yield. 
Cultivars carrying the NAM-A1b and c alleles were intermediate between those carrying NAM-
A1a and NAM-A1d.  
Many studies are arguing that the stay-green cultivars with a slower senescence rate possess 
longer grain filling period through continued N uptake and translocation (Barraclough et al. 2010; 
Kipp et al. 2014; Hitz et al. 2017). Stay-green cultivars with greater N uptake, accumulation, and 
translocation capabilities deliver extra metabolic gains in NUE (Christopher et al. 2008a). Delayed 
leaf senescence also provides additional carbon and nitrogen to be allocated to the roots of stay-
38 
 
green cultivars during grain filling that increases the capacity to extract N from the soil compared 
to shorter grain filling cultivars (Borrell et al. 2001; Martre et al. 2007). In summary, yield and 
grain protein content are strongly influenced by the duration of the post-anthesis phase and the 
stay-green traits. These findings enhance our understanding regarding the onset and rate of 
senescence after anthesis that also influence NUE and its components. The objective of this study 
is to characterise the influence of NAM-A1 alleles on the senescence and stay-green of Australian 
wheat cultivars and establish a relationship between the presences or absence of high grain 
protein content associated NAM-A1a allele with grain yield and NUE components in Western 
Australian conditions. 
3.3. Materials and Methods 
3.3.1. Experimental treatments 
Field trials were carried out at two sites in Western Australia. The first trial was conducted at 
Broomehill (Katanning, Western Australia) in 2015 and the second trial was conducted at the 
Agriculture and Food of Western Australia research station at Wongan Hills, Western Australia in 
2016. Information about the monthly rainfall, the minimum temperature and the maximum 
temperature of these sites is given in Supplementary Table 3- 1. The same experimental regimens 
were tested at both sites on 19 cultivars (Table 3- 1). All cultivars are nominations from Australian 
breeding programs to represent the genetic diversity amongst Australian wheat cultivars 
(Bioplatforms 2016). The cultivars were classified into two groups (Table 3- 1) based on the 
different alleles of NAM-A1 (Yang et al. 2018). Additionally, NAM-A1 allele information and  
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Table 3- 1 Heading date and maturity for 19 Australian wheat cultivars carrying a different allele of the 
NAM-A1 gene 
 
maturity type of  further 31 cultivars involved in the Australian National Variety Trial (NVT) has 
been collected (Yang et al. 2018). In each experiment we used a split-plot design, in which 
cultivars were randomised on main plots, and N treatments were randomised on the sub-plots, 
and each treatment was replicated three times. The sub-plot size was 3 m × 1.25 m with a 0.5 m 
Group NAM-A1 Heading date Maturity Cultivar 
 a 105 Early - mid Baxter 
 a 103 Early Bonnie-Rock 
 a 109 Early - mid Chara 
NAM-A1 a a 102 Early H45 
 a 100 Early Livingston 
 a 101 Early Spitfire 
 a 101 Early - mid Westonia 
 a 104 Early - mid Wyalkatchem 
 c 104 Mid Alsen 
 c 101 Early Drysdale 
 b 107 Early - mid Excalibur 
 c/d 108 Mid Gladius 
Non-NAM-A1 a c 110 Mid - long Gregory 
 a/c 105 Early Kukri 
 d 108 Early - mid Mace 
 c 109 Early - mid Pastor 
 c 103 Mid - long RAC875 
 c 101 Early Volcani 
 d 112 Mid - long Yitpi 
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gap between the sub-plots. The sowing dates were 17 June in 2015 and 16 May in 2016, which 
are the recommended dates for wheat in these agricultural regions of Western Australia. The 
nitrogen treatment included three levels: low N (LN) 0 kg N ha-1, mid N (MN) 50 kg N ha-1 and 
high N (HN) 100 kg N ha-1, plus 20 kg N ha-1 as a basal rate applied at sowing. The timing of the N 
application was synchronised to several Zadoks (Z) growth stages of the cultivar (Zadoks et al. 
1974). Accordingly, these were: T1= 100% of N rate was applied at mid-tillering (Z22 - Z24); T2= 
100 % of N rate was applied at booting (Z43- Z45); and T3= 50% of N rate was applied at mid-
tillering and 50% of N rate was applied at booting. Flexi-N (42.2% of N) was applied as a source 
of N for the foliar applications and includes three types of N: 50% urea, 25% nitrate and 25% 
ammonium. The nitrate is available directly to the plants while the urea and ammonium are less 
soluble enabling a controlled release of nitrogen over an extended period (CSBP 2012). 
3.3.2. Yield components 
Anthesis date was recorded in each plot for each cultivar when 50% of the heads carried visible 
stamens (Zadoks growth scale 61). Grain and straw samples were harvested on the 23rd of 
November in 2015 and on the 8th of November in 2016 when all plants were completely mature 
by visual inspection. All plants in each plot (main stem plus tillers) were harvested to measure 
the yield components. Before mechanical harvesting, a quadrat of 0.44m2 of plant material was 
cut off at ground level within each plot using a small hand harvester. All samples were then oven 
dried separately in a forced air circulating dryer at 60 oC for 72 hours. Grain and straw yield was 
estimated, and the grain protein content and residual N in straw were analysed using a FOSS XPS 
Near-infrared reflectance (NIR) equipment with a model 5000 spinning cup. NIR data analysis was 
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collected using WinISI software (FOSS NIR Systems Inc., Laurel, MD, USA). The residual N 
concentration in straw was calculated using both free nitrogen and protein/amino-acid bound 
divided by 4.43 (Yeoh and Wee 1994). Grain weight and size were estimated on a representative 
grain sample of 20 g. The number of grain head-1 was estimated by counting the number of grains 
per 3 heads using a seed counter. Harvest index (HI) and N harvest index (NHI) were obtained by 
calculating the ratio of grain or N at harvest to total above-ground biomass or N, respectively 
(Siddique et al. 1989; Gaju et al. 2011). N uptake efficiency (NUpE) was calculated as the ratio of 
above-ground N uptake to total N supply. N utilisation efficiency (NUtE) was calculated as the 
ratio of grain yield to above-ground N uptake.  N use efficiency (NUE) was calculated as the ratio 
of grain yield to total N supply or multiplying the NUpE by NUtE (Moll et al. 1982). 
3.3.3. Normalised difference vegetation index 
The GreenSeeker Hand Held Sensor (Trimble Navigation, Sunnyvale, CA) was used to measure 
the normalised difference vegetation index (NDVI). The NDVI measurement was recorded at 
seven growth stages [stem elongation (Z32-Z35), booting (Z43-Z45), anthesis (Z61), 10 days after 
anthesis (DAA), 20 DAA, 30 DAA, and 40 DAA] (Zadoks et al. 1974). The NDVI values were 
calculated as (ρNIR - ρRed)/(ρNIR + ρRed), where ρNIR and ρRed are respectively the fractions of 
emitted near infrared (NIR) and red radiation reflected back from the sensed area (Macnack et 
al. 2014). 
The onset and rate of senescence in the whole plant canopy were determined when the 
chlorophyll content of the plant rapidly decreases during grain filling (Araus and Labrana 1991). 
Averaged across all cultivars, the maximum NDVI was achieved at anthesis stage (Zadoks growth 
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scale 61). The onset of senescence was determined when the maximum NDVI decreased by 10% 
after anthesis of each cultivar (Christopher et al. 2014). Rate of senescence was calculated as 
(NDVIMax - NDVIX) / NDVIMax x 100, where NDVI Max is the value of maximum NDVI of the plant 
before decreases during grain filling and NDVIX is the value of NDVI in the specific stage to 
measure the decline of rate senescence. 
3.3.4. Statistical analysis 
An analysis of variance (ANOVA) was performed using the Genstat software (VSNi Pty Ltd, UK) 
after the initial evaluation of effects at the site to determine genotype, nitrogen treatment 
effects at different time application. This split-plot trial-design structure was incorporated into 
the analysis. In the case of significant differences based on ANOVA and F-values for treatment 
effects, LSD (p<0.05) test and standard deviation/error of means were used to identify significant 
means. Correlation analysis was conducted to investigate the relationship between NAM-A1a 
and Non-NAM-A1a genotypes and NUE and its component. Comparisons between groups were 
undertaken by converting to z-scores and comparing significance. In situations where there was 
not significant different between years when considering the treatment effects, the data were 
combined for further analysis. 
3.4. Results 
The recorded climate data of daily temperature and rainfall demonstrated a stable growth 
conditions during the season without any occurrence of major drought or heat stress periods in 
both experiments. The rainfall was higher in 2016 than in 2015 particularly during the tillering 
and stem elongation stages (i.e. sowing date Z0 to mid booting Z45). The temperatures were 
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similar in the two seasons when daily mean temperatures were on average 1.5 ◦C lower in 2015 
(Supplementary Table 3- 1). 
3.4.1. Identification of early senescence and stay-green cultivars 
The identification of early senescence and the stay-green cultivars was based on the NDVI data 
after anthesis. Eight cultivars belong to early senescence group, and 11 cultivars belong to stay-
green group (Table 3- 1). The onset of senescence showed a wide variation among the two groups 
(NAM-A1a and Non-NAM-A1a). Early onset senescence was found in cultivars carrying the NAM-
A1a allele; however, in cultivars carrying the Non-NAM-A1a allele the onset of senescence was 
delayed especially for these carrying alleles c and d. As shown in Figure 3- 1, the NAM-A1a group 
reached to the 50% of senescence about 20 DAA, almost seven days earlier than Non-NAM-A1a 
group. 
 
Figure 3- 1 The onset and rate of senescence of whole plant at four stages (10 DAA, 20 DAA, 30 DAA, 40 
































When averaged over the years and N treatments, the mean heading date of NAM-A1a group was 
103.9 days after sowing and the Non-NAM-A1a group was 106 days after sowing (Table 3- 3). To 
further confirm, the information of the allelic composition of NAM-A1 and maturity type of 
additional 31 cultivars (Table 3- 2) have been collected (Yang et al., 2018; https://www- 
nvtonline.com.au). In general, presence of NAM-A1 a allele was enriched in early  and early to mid 
maturity type cultivars while NAM-A1 c and d alleles were more characteristic at mid and mid to 
long maturity type cultivars. Early maturity type cultivars exclusively possess NAM-A1 a allele and 
80 % of the early to mid maturity type cultivars carry the same allele. On the other hand, 70 % of 
mid maturity type cultivars have NAM-A1 c or d alleles (Non-NAM-A1 a group). Moreover, all the 
mid to long maturity type cultivars possess NAM-A1 c or d alleles. 
3.4.2. Grain yield, yield components, aboveground biomass and HI 
There was a significant difference (P<0.001) in grain yield among the two groups and in response 
to N rate and time of N application (Table 3- 4). Averaging across the N rates and time of 
application, cultivars of NAM-A1a group produced significantly higher grain yield (2200.8 kg ha-
1) than the Non-NAM-A1a group (2062.1 kg ha-1). The maximum yield was achieved with 50 and 
100 kg N ha-1; while the lowest yield was obtained from the control treatment (0 kg N ha-1). The 
timing of N application also influenced the grain yield. The highest grain yield (2186.6 kg ha-1) was 
achieved by applying N at the early stage (Mid-tillering) while applying N at the late stage 
(Booting) produced a lowest grain yield (2087.9 kg ha-1). Cultivars group of Non-NAM-A1a 
produced the higher thousand grain weight (TGW) (38.1 g), while cultivars group of NAM-A1a 
produced (37.4 g, Table 3- 3). 
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Table 3- 2 NAM-A1 allelic characteristics and maturity type information of additional 31 Australian 
cultivars 

















Early - mid d  Cobalt 
Early - mid a  Cobra 
Early - mid a  Corack 
Early - mid a 80% NAM-A1 a                             
20% Non-NAM-A1 a 
Cosmic 
Early - mid a Emu Rock 
Early - mid a  Hydra 
Early - mid a  Impress CL plus 
Early - mid d  Jade 
Early - mid a  Superme 
Early - mid a  Wallup 
Mid d  Beckom 
Mid d  Bremer 
Mid c 63% Non-NAM-A1 a                    
37% NAM-A1 a 
Eagle Rock 
Mid d Grenade CL plus 
Mid a  Lancer 
Mid a  Magenta 
Mid d  Scepter 
Mid a  Suntop 
Mid - long c  Brindawarra 
Mid - long c  Calingiri 
Mid - long d 
100% Non-NAM-A1 a 
Cutlass 
Mid - long d Scout 
Mid - long d  Trojan 
Mid - long d  Tungsten 
Mid - long c  Zen 
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Table 3- 3 Effects of different NAM-A1 alleles, N rates, and time of N application on heading date, 
above-ground biomass (AGB), number of seed head-1, thousand grain weight (TGW), residual N in straw 














NAM-A1 a 103.9 b 5254.0 33.02 37.4 b 2.20 b 12.4 b 
Non-NAM-A1 a 106.0 a 5179.5 33.27 38.1 a 2.23 a 12.7 a 
N Rates       
0 104.8 4606.4 b 31.27 b 39.5 a 2.13 c 11.1 c 
50 104.8 5572.6 a 34.07 a 36.9 b 2.24 b 12.8 b 
100 105.0 5635.1 a 34.12 a 36.8 b 2.29 a 13.8 a 
Time N app       
T1 104.9 5436.1 a 32.97 38.4 a 2.19 b 12.3 c 
T2 104.8 5259.9 b 33.34 37.9 a 2.24 a 12.4 b 
T3 104.9 5118.0 c 33.15 36.9 b 2.22 a 12.8 a 
Within the columns in each factor, means followed by the same letter are not significantly different according to LSD (P = 0.05). 
T1= 100% of N rate was applied at mid-tillering (Z22 - Z24); T2= 100 % of N rate was applied at booting (Z43- Z45); and T3= 50% 
of N rate was applied at mid-tillering and 50% of N rate was applied at booting 
In the case of N rates, the control (0 kg N ha-1) achieved the highest TGW (39.6 g). On the other 
hand, applying N at mid-tillering produced the greatest TGW  (38.4 g) while applying the N at the 
late stage (booting) provided the lowest weight (37 g). The above-ground biomass was 
significantly affected among the two groups, N rates and the time of N application (p<0. 001). 
The above-ground biomass was increased with increasing applications of N, and the highest was 
at 100 kg N ha-1. The timing of the N application contributes to the above-ground biomass; the 
maximum weight was achieved when N was applied at mid-tillering stage (5436.1 kg ha-1). N rates 
influenced the numbers of grain head-1 when 100 kg ha-1 N produced the highest numbers of 
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grain head-1 (34.12 g). Furthermore, cultivars of the NAM-A1a group had a significant higher HI 
0.42% compared to the Non-NAM-A1a group of 0.40% (Table 3-4). 
Table 3- 4 Effects of different NAM-A1 allele, N rates, and time of N application on grain yield (GY), 
harvest index (HI), N harvest index (NHI), N utilisation efficiency (NUtE), N uptake efficiency (NUpE), and 









kg grain                 
kg N ha-1 
NUpE 
kg N ha-1                
kg N supply-1 
NUE 
kg grain                    
kg N supply-1 
NAM-A1 a 2200.8 a 0.42 a 0.80 a 3.9 a 12.2 49.9 a 
Non-NAM-A1 a 2062.1 b 0.40 b 0.78 b 3.7 b 12.0 44.6 b 
N Rates       
0 1879.6 b 0.41 0.78 b 4.1 c 22.1 a 90.7 a 
50 2266.4 a 0.41 0.80 a 3.7 b 8.7 b 32.5 b 
100 2259.3 a 0.40 0.80 a 3.5 c 5.4 c 18.9 c 
Time N app       
T1 2186.6 0.41 0.79  3.8 12.1 47.6 
T2 2130.7 0.41 0.79  3.8 12.1 47.4 
T3 2087.9 0.41 0.79  3.7 12.1 47.1 
Within the columns in each factor, means that show significant differences are labelled with different letters according to LSD 
(P = 0.05). T1= 100% of N rate was applied at mid-tillering (Z22 - Z24); T2= 100 % of N rate was applied at booting (Z43- Z45); 
and T3= 50% of N rate was applied at mid-tillering and 50% of N rate was applied at booting. 
 
3.4.3. Grain protein content, residual N in straw, and Nitrogen Harvest 
Index  
Grain protein content and straw nitrogen content were significantly different among the 
cultivars, the N rate, and the time of N application. Cultivars not possessing the NAM-A1a allele 
had higher grain protein content and higher residual N in the straw (Table 3- 3). However, 
cultivars in the NAM-A1a group had a higher NHI (0.80) than cultivars in the Non-NAM-A1a group 
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(0.78). Across all the N rates, the grain protein content, residual N in straw, and NHI, the highest 
values were achieved by the 100 kg N ha-1 treatment. Late stage N application increased the grain 
protein content and residual N in the straw. 
3.4.4. Nitrogen use efficiency and its components 
NUE and its components NUtE and NUpE significantly differed (P<0.001) amongst the cultivars 
and N rates (Table 3- 4). Cultivars in the NAM-A1a group resulted in a significantly higher NUtE, 
NUpE and NUE values. The low treatment with N rate of 0 N kg ha-1 produced the maximum NUtE, 
NUpE, and NUE compared to the 50 and 100 kg N ha-1. 
3.4.5. Correlation between rate of senescence and agronomic traits  
The association between the rate of senescence and NUE and its components and agronomic 
traits of the two groups (NAM-A1a and Non-NAM-A1a) of Australian wheat cultivars under 
different N conditions and time applications are shown in Table 3- 5. The correlation analysis 
showed that there is a significant positive correlation between the rate of senescence measured 
at 10, 20, 30 and 40 DAA and above-ground biomass (r= 0.85, 0.84, 0.82, 0.73 respectively) within 
the NAM-A1a group, and (r= 0.88, 0.90, 0.88, 0.81 respectively) within the Non-NAM-A1a group. 
In general, the rate of senescence had a higher positive association with RNS, GPC and NHI, while 
we found a higher negative correlation with TGW and HI within the Non-NAM-A1a group than 
the NAM-A1a group. Moreover, there was a strong significant negative correlation between the 
rate of senescence at 10, 20 and 30 DAA and NUtE and NUE under Non-NAM-A1a group only 
(Table 3- 5). 
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Table 3- 5 Correlation between the rate of senescence (Sen) at 10, 20, 30, 40 days after anthesis (DAA) 
with NUE and agronomic traits of two groups (NAM-A1a and Non-NAM-A1a) of Australian wheat 
cultivars under different N conditions and time of applications 
 NAM-A1a group  Non-NAM-A1a group 
 Sen 10 % Sen 20 % Sen 30 % Sen 40 %  Sen 10 % Sen 20 % Sen 30 % Sen 40 % 
          
Heading -0.35 -0.41 -0. 51 -0.64  0.29 0.31 0.29 0.24 
AGB 0.85** 0.84** 0.82** 0.73*  0.88** 0.90** 0.88** 0.81** 
No. seed 0.62 0.75* 0.72* 0.64  0.42 0.45 0.41 0.32 
TGW -0.15 -0.31 -0.24 -0.11  -0.61 -0.64 -0.58 -0.39 
RNS 0.23 0.36 0.29 0.16  0.70* 0.73* 0.66 0.44 
GPC 0.42 0.51 0.43 0.26  0.77* 0.80** 0.73* 0.51 
GY 0.82** 0.89** 0.87** 0.78*  0.81** 0.82** 0.81** 0.77* 
HI% -0.60 -0.49 -0.46 -0.35  -0.73* -0.74* -0.68* -0.45 
NHI% 0.43 0.56 0.50 0.35  0.80** 0.82** 0.78* 0.63 
NUtE -0.50 -0.59 -0.52 -0.35  -0.81** -0.84** -0.77* -0.56 
NUpE -0.69* -0.77* -0.71* -0.56  -0.89** -0.90*** -0.85** -0.66 
NUE -0.64 -0.77* -0.64 -0.56  -0.89** -0.90*** -0.85** -0.66 
*, **, *** Significant at the 0.05, 0.01and 0.001 probability level, respectively. Senescence at 10 days after anthesis (Sen 10 
DAA), senescence at 20 days after anthesis (Sen 20 DAA), senescence at 30 days after anthesis (Sen 30 DAA), senescence at 40 
days after anthesis (Sen 40 DAA), heading date, above-ground biomass (AGB), number of seed/head, thousand grain weight 
(TGW), residual N in straw (RNS), grain protein content (GPC), grain yield (GY), harvest index (HI%), N harvest index (NHI%), N 
utilisation efficiency (NUtE), N uptake efficiency (NUpE) and N use efficiency (NUE). 
 
3.5. Discussion 
A number of studies have been reported on the genetic and functional characterisation of the 
NAM-B1 gene (Uauy et al. 2006b; Waters et al. 2009; Asplund et al. 2013). However, there is no 
investigation on the allelic variation of NAM-A1 gene and its effect on senescence under 
Mediterranean climate. Under Western Australia conditions (Mediterranean climate), wheat is 
grown when rainfall and temperature are favourable during the vegetative phase (i.e. May - 
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September), but with frequent heat and drought stress during grain filling phase (i.e. October - 
November). Therefore, the objective of the present study was to relate the impact of NAM-A1 
allelic variation to NUE and its component under Western Australia conditions by understanding 
its effect on the rate of senescence. The 19 cultivars used in the study are the nominations for 
Australian breeding programs to represent the genetic diversity of NAM-A1 gene and contrasting 
responses to nutrient remobilisation amongst Australian wheat cultivars (Yang et al. 2018). 
3.5.1. The correlation between the onset of senescence and NAM-A1 allelic 
variation 
The results allow us to better understand the associations between the allelic variation of NAM-
A1 alleles and the onset of senescence in relation to grain yield and NUE in Western Australian 
conditions. Age-related senescence occurs in the late developmental stage of the wheat plant 
cycle in which chlorophyll and proteins are recycled to complete grain formation. Araus and 
Labrana (1991) reported that the onset of senescence occurs when the chlorophyll content of 
the plant decreases rapidly after anthesis. Several studies utilised the Green-Seeker sensor 
(NDVI) to measure the total greenness of wheat (Hansen and Schjoerring 2003; Babar et al. 2006; 
Lopes and Reynolds 2012). Our results clearly show that the rate of senescence from anthesis 
(Figure 3- 1) is different for the two NAM-A1 allelic groups, with earlier and faster onset of 
senescence in the NAM-A1a group and delayed onset of senescence within the Non-NAM-A1a 
group. As shown in Table 3- 1 and 2, cultivars that carry the NAM-A1a allele were exclusively 
characteristic of early and early to mid maturity types. However, genotypes with Non-NAM-A1a 
alleles especially alleles c and d were primarily characteristic on mid and mid to long maturity 
types. Our findings suggest that the NAM-A1a accelerates senescence compared to the Non-
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NAM-A1a allelic group. Earlier studies reported that the functional NAM-B1 gene could 
accelerate senescence and increase nutrient remobilisation compared to the non-functional 
NAM-B1 allele that shows delayed onset of senescence (Uauy et al. 2006a; Waters et al. 2009; 
Brevis and Dubcovsky 2010; Asplund et al. 2013). Cormier et al. (2015) identified that the NAM-
A1 gene has the same role as NAM-B1 gene associated with nutrient remobilisation and 
senescence kinetics. Although they have only found a low frequency of the NAM-A1a allele 
characteristic on elite germplasm selected for grain yield it was more frequent in Nepalese 
genotypes cultivated within a short growing season. The current study shows that all the early 
and 80% of the early to mid ripening cultivars possess the NAM-A1a allele and this allele was not 
found in any of the late ripening cultivars. These results confirm that higher frequency of NAM-
A1a allele in early maturing genotypes is associated with short grain filling which is often 
characteristic on the growing seasons such as the Mediterranean Western Australian conditions. 
3.5.2. Genetic variation of NUE and its components based on the NAM-A1 
gene 
NUE is a complex trait that results from an interaction of various component traits such as HI%, 
NHI, NUtE and NUpE. The main factors involved in the uptake and utilisation of nutrients resulting 
in differences in morphological, physiological and biochemical processes are also affected by NUE 
and its components. Hence, for improvements of NUE in wheat crops, it is essential to recover 
more N from the soil and fertilisers (better NUpE) and produce higher grain yields from the 
available N in the plant (better NUtE). Our results show that above-ground biomass positively 
correlates with grain yield (r= 0.94 and 0.98) and negatively with NUE (r= -0.74 and -0.82, 
Supplementary Table 3- 2 and 3) both in the NAM-A1a and Non-NAM-A1a groups, respectively. 
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These findings suggest that cultivars with high above-ground biomass produce higher grain yield 
when N is not in a limiting condition (Gaju et al. 2016). This is a consequence of genetic 
mechanisms that contribute to high above-ground biomass production that also leads to 
enhanced N uptake under high N conditions and increased N storage capacity in the plant. This 
result is supported by the findings of Kamiji et al. (2014) showing a significant association 
between shoot N uptake and shoot biomass if high N supply is available. The NAM-A1a group 
produced a higher grain yield of 2200.8 kg ha-1, while Non-NAM-A1a group had a lower grain 
yield of 2062.1 kg ha-1. These indicated that the wheat cultivars with NAM-A1a allele are more 
efficient in conditions with limited rainfall and high temperature during the grain filling period 
(Supplementary Table 3- 1), although experiments using controlled genetic background (NILs, 
RILs or DH populations) or unstructured populations can be used to reveal these mechanisms. 
In a Mediterranean climate such as Western Australia, wheat is grown when rainfall and 
temperature are favourable during the vegetative phase but with insufficient rainfall and higher 
temperatures at grain filling (i.e. October - November). Breeding wheat that delays the onset of 
senescence might enable a greater capacity for plants to accumulate more N during grain filling 
(Borrell et al. 2001). However, water deficit during grain filling will reduce photosynthesis activity 
and shorten the grain filling period (Yang et al. 2000b; Tahir and Nakata 2005). 
3.5.3. Early onset of senescence is a useful strategy for Western Australian 
conditions  
Water deficit negatively affects the N uptake during grain filling and the remobilisation of stored 
N into the grain of cultivars with Non-NAM-A1a alleles. On the other hand, accelerated 
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senescence results in a shorter grain filling period and helps to avoid some of the unfavourable 
seasonal conditions, such as high temperature and low rainfall rate. This is characteristic on 
wheat cultivars with the NAM-A1a allele (early onset of senescence). Many studies reported that 
delay senescence had been always beneficial to yield under optimal growing conditions (Spano 
et al. 2003; Derkx et al. 2012; Christopher et al. 2014). In contrast, many studies argue that 
delayed senescence may be of no consequence under stress conditions, especially during grain 
filling phase (Blum 1997; Yang et al. 2000b). 
This result is also confirmed by the differences in HI%, NHI%, NUtE and the residual N in above-
ground biomass between two groups. The Non-NAM-A1a group had lower HI, NHI, NUtE and 
more residual nitrogen in the straw due to delay in the onset of senescence under stress 
conditions such as the Western Australia climate. Moreover, the result of the correlation analysis 
(Table 3- 5) show the rate of senescence has a stronger correlation with NUpE, NUtE and NUE 
under Non-NAM-A1a group than NAM-A1a group. 
Generally, grain filling in wheat is supplied by two major sources: the current photosynthesis 
during grain filling phase and the contribution of stored assimilates in the plant parts before 
flowering (Plaut et al. 2004; Ehdaie et al. 2008; Maydup et al. 2010). However, the current 
assimilates produced by photosynthesis might be limited due to the decline of leaf stomatal 
conductance under stress conditions (Blum 1997; Wang et al. 2015). Accordingly, the 
contribution of stored assimilates before flowering could be the principal source into the 
developing grains. According to Palta et al. (1994) the participation of current post-anthesis 
assimilation decreased by 57%, while the remobilisation of stored assimilates increased by 36% 
into the total grain under water stress conditions. Taken together, NAM-A1a allele contributes 
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to the onset of senescence and allows more effective translocation of nutrients to the grain, 
especially under stress conditions. Similarly, a negative correlation between the early onset of 
senescence and grain yield was found by (Jiang et al. 2004; Kichey et al. 2007; Derkx et al. 2012; 
Kipp et al. 2014). However, many studies have found a positive relationship between stay-green 
phenotypes and grain yield (Borrell et al. 2001; Christopher et al. 2008a; Gaju et al. 2016). As 
discussed by Bogard et al. (2011) the effect of the stay-green phenotype on the grain yield and 
NUE strongly depends on the environmental conditions that also include the available nutrients. 
Based on the current results, we can conclude that the presence of NAM-A1a allele accelerates 
senescence while the other alleles (b, c, d) delay the onset of senescence in the Mediterranean 
conditions that are often characterised by the dry season finish. Therefore, the presence of NAM-
A1a allele can improve the nitrogen utilisation by shortening the grain filling period leading to 
the ripe grain before the unfavourable seasonal conditions occur in Western Australia. Taken 
together, our study clearly demonstrates that the NAM-A1a allele is a desirable allele for Western 
Australian conditions where during the later grain filling stages plants do not have adequate 
water available to maintain a regular N remobilisation. The NAM-A1a allele with its contribution 
to the enhanced N remobilisation ability together with the early onset of senescence makes the 
wheat grown at Mediterranean climate condition achieve the maximum yield potential. 
3.6. Conclusion 
The NAM-A1a allele facilitates the onset of senescence, while the other alleles have a negative 
impact on the onset of senescence. In the Mediterranean climate such as the Western Australian 
growing seasons with a dry finish, wheat with a shortened grain filling will benefit from the 
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presence of the NAM-A1a allele. Accelerating the onset of senescence results in a shorter grain 
filling period leading to faster grain maturation to avoid the unfavourable seasonal conditions. 
Water deficit and high temperatures during the growing seasons in wheat growing regions are 
likely to become more prevalent due to the climate change, making it necessary to understand 
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4.1. Abstract 
Optimising nitrogen fertiliser management in combination with using high nitrogen efficient 
wheat cultivars is the most effective strategy to maximise productivity in a cost-efficient manner. 
The present study was designed to investigate the associations between nitrogen utilisation 
efficiency (NUtE) and the allelic composition of the NAM genes in Australian wheat cultivars. As 
results, the non-functional NAM-B1 allele was more responsive to the nitrogen levels and 
increased NUtE significantly, leading to a higher grain yield but reduced grain protein content. 
Nitrogen application at different developmental stages (mid-tillering, booting, and flowering) did 
not show significant differences in grain yield and protein content. The NAM-A1 allelic variation 
is significantly associated with the length of the grain-filling period. While the NAM-A1 allele a 
was associated with a short to moderate grain-filling phase, the alleles c and d were related to 
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moderate to long grain-filling phase. Thus, selection of appropriate combinations of NAM gene 
alleles can fine-tune the duration of growth phases affecting sink-source relationships which 
offers an opportunity to develop high NUtE cultivars for target environments. 
Keywords: Australian wheat cultivars, grain-filling phase, grain yield, NAM gene, nitrogen 
utilisation efficiency (NUtE). 
Corresponding authors email: 
Wujun Ma: W.Ma@murdoch.edu.au 
 Shahidul Islam: s.islam@murdoch.edu.au 
4.2. Introduction 
Breeding cultivars with high nitrogen use efficiency (NUE) is essential for sustainable wheat 
production. Generally, NUE comprises two aspects, including nitrogen uptake efficiency (NUpE) 
that represents the capacity of plants to absorb nitrogen (N) from soil and nitrogen utilisation 
efficiency (NUtE) that represents the plant’s ability to use absorbed N to produce grain (Lea and 
Azevedo 2006; Hirel et al. 2007). Understanding the mechanisms regulating these two processes 
is essential to improve NUE in crop plants. The NUpE, and NUtE metabolic pathways are strongly 
influenced by genetic variation and environmental factors (Moll et al. 1982; Xu et al. 2012). 
Modern wheat cultivars have been generally selected under non-limiting N fertilisation levels in 
breeding programs, resulting in sub-optimal NUE (Raun and Johnson 1999; Guarda et al. 2004). 
Unless NUE is improved in modern cultivars, the application of N fertilisers is expected to increase 
more than three-fold in the next 30 years to meet the increasing food demand (Tilman 1999; 
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Good et al. 2004). High N fertiliser usage means higher environmental pollution and production 
costs (Limon-Ortega et al. 2000). Thus, developing cultivars with high NUE becomes highly 
important in modern agriculture. High NUE cultivars can be described as being able to produce 
greater than average yields in low N environments (Nyikako et al. 2014). They have also been 
defined as genotypes that can produce higher yields when additional N is provided. Timing and 
dosage of N addition is crucial when determining NUE. While additional N can usually increase 
grain yield, excess N has a deleterious effect on NUE (Haile et al. 2012; Macnack et al. 2014). 
The GPC-B1 or NAM-B1 gene commonly present in wild emmer wheats facilitates efficient 
translocation of nutrients to the grain (Asplund et al. 2013) and is considered as a genetic factor 
influencing NUE. GPC-B1 has been reported to improve grain protein content (GPC) in bread 
wheat without reducing grain yield (Eagles et al. 2014). The identification and practical utilisation 
of GPC-B1 started when Avivi (1978) evaluated wild emmer wheat (Triticum turgidum ssp. 
dicoccoides) from Israel and found that it was associated with higher protein content and large 
grain size (Avivi 1978). The functional NAM-B1 allele, which encodes a transcription factor of the 
NAC family, accelerates senescence and increases nutrient remobilisation from leaf tissues into 
the developing grain (Waters et al. 2009). NAM-A1 is a gene with similar function to NAM-B1, 
with beneficial effects on grain nutritional quality and several bread-making properties (Cormier 
et al. 2015). However, the modern wheat cultivars that carry a non-functional NAM-B1 allele 
result in delayed senescence and reduced wheat GPC by over 30% (Uauy et al. 2006a). Leaf 
senescence can influence crop production in two ways, i.e. by modifying nutrient remobilisation 
efficiency or by affecting the duration of photosynthesis. Leaf senescence is a plant growth-
dependent process that allows the transfer of nutrients from areas of lower nutrient requirement 
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to areas of higher nutrient requirement driven by active cell development such as developing 
grains (Himelblau and Amasino 2001; Woo et al. 2013; Havé et al. 2017). 
In contrast to the NAM gene studies, there are many reports arguing that stay-green cultivars 
with delayed senescence provide a longer grain-filling period through continued N uptake and 
translocation (Barraclough et al. 2010; Hitz et al. 2017). These cultivars have greater N uptake, 
accumulation, and translocation capabilities which provide further metabolic gains in NUE 
(Christopher et al. 2008a). In addition, delayed leaf senescence also provides further carbon and 
nitrogen to the plant roots during grain-filling, which increases the capacity to extract more N 
from the soil compared to shorter grain-filling cultivars (Richards 2000; Borrell et al. 2001; Martre 
et al. 2007). In order to understand the genetic impact of NAM-1 gene alleles on the NUE and its 
components of wheats grown in environments with no limiting factors, we conducted the current 
study using a suite of Australian wheat cultivars that differ in NAM-1 allelic compositions. Allelic 
effects on grain yield, protein content, and NUE components were studied based on various N 
application timing and dosage. 
4.3. Materials and Methods 
4.3.1. Field trial design  
A field trial was conducted at Broomehill, Western Australian consisting of 19 Australian wheat 
cultivars with different allelic combinations of NAM-A1, B1 and D1 genes (Table 4-1) (Yang et al. 
2018). Soil nutrient composition was analysed before conducting the experiment 
(Supplementary Table 4-1) that showed the soil N content was lower than the usual which made 
the site N responsive.   
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Table 4- 1 Composition of NAM-A1 and NAM-B1 alleles of 19 Australian wheat cultivars 
Grain yield (GY), grain protein content (GPC), N utilisation efficiency (NUtE), N uptake efficiency (NUpE), and N use efficiency 
(NUE). Within the columns in each factor, means followed by the same letter are not significantly different according to LSD (P = 
0.05). Note: maturity data adapted from Bioplatforms Australia. Retrieved from https://data.bioplatforms.com/organiza tion/ 
about/bpa-wheat-cultivars 
The Nitrogen treatment included three levels: 0 kg N ha-1, 50 kg N ha-1 and 100 kg N ha-1. The 
timing of N application was synchronised to several Zadoks growth stages: T1= 100% of N rate 
was applied at mid-tillering (Z22-Z24); T2= 100 % of N rate was applied at booting (Z43- Z45); and 
T3= 50% of N rate was applied at mid-tillering, and 50% of N rate was applied at booting (Zadoks 

















kg N       
kg N−1 
NUE 
kg grain        
kg N−1 
          
Alsen c Deletion a Mid 1467 e 15.90 a 3.20 e 9.50 c-f 30.70 gh 
Baxter a Non-functional a Early - mid 1443 e 14.30 bc 3.70 d 9.20 d-f 35.30 e-g 
Bonnie-Rock a Non-functional a Early 1989 cb 12.70 g-j 3.90 cd 11.70 ab 46.70 b-d 
Chara a Non-functional a Early - mid 1520 de 13.60 de 3.80 cd 9.10 d-f 35.20 e-g 
Drysdale c Mixed a Early 1152 f 13.20 d-g 3.20 e 8.50 e-g 26.30 h 
Excalibur b Non-functional a Early 1960 cb 12.90 e-i 4.10 bc 11.20 a-c 49.20 bc 
Gladius c/d Non-functional a Mid 1432 e 13.10 e-h 3.80 cd 8.80 e-g 34.20 fg 
Gregory c Non-functional a Mid - long 1787 cd 12.40 h-k 4.00 cd 10.30 b-e 42.60 c-e 
H45 a Non-functional a Early 1628 de 11.90 k 4.40 ab 8.10 fg 36.00 e-g 
Kukri a Non-functional a Early 1640 de 13.50 d-f 3.70 d 10.60 a-d 38.90 ef 
Livingston a Non-functional a Early 1560 de 13.00 e-i 4.00 cd 8.70 e-g 34.40 fg 
Mace d Non-functional a Early - mid 2295 a 11.90 k 4.60 a 12.20 a 56.40 a 
Pastor c Non-functional a Early - mid 1594 de 12.60 g-j 3.70 d 9.60 c-f 38.20 e-g 
RAC875 c Non-functional a Mid - long 1755 cd 12.40 i-k 3.90 cd 9.80 c-f 38.10 e-g 
Spitfire a Mixed a Early 1468 e 13.90 cd 3.80 cd 8.80 e-g 35.50 e-g 
Volcani c Functional a Early 1064 f 14.60 b 3.30 e 7.30 g 24.30 h 
Westonia a Deletion a Early - mid 2057 ab 12.20 jk 4.30 ab 11.30 a-c 50.80 ab 
Wyalkatchem a Non-functional a Early - mid 2088 ab 12.90 f-j 4.30 ab 11.20 a-c 51.60 ab 
Yitpi d Non-functional a Mid - long 1641 de 13.50 d-f 3.70 d 10.30 b-e 40.90 df 
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urea, 25% nitrate, and 25% ammonium (CSBP 2012). The plot size was 3 m × 1.25 m with a 0.5 m 
gap between plots. Sowing date was mid-June, which is the recommended date for this part of 
Western Australian. Field trial was carried out as a split-plot design, with cultivars randomised as 
main plots, N treatment randomised as the subplots, and each treatment replicated three times. 
 Phenotyping and sample collection from field trial 
Grain and straw samples were harvested when all plants were completely matured by visual 
inspection. Before mechanical harvesting, a quadrat of 0.44 m2 of plant material was cut off at 
ground level using a small hand harvester for yield component measurement. Grain and straw 
yield was estimated, and the grain protein content and residual N in straw were analysed using 
a FOSS XPS Near-infrared reflectance (NIR) equipment with a model 5000 spinning cup. NIR data 
analysis was collected using WinISI software (FOSS NIR Systems Inc., Laurel, MD, USA). The 
residual N concentration in straw was calculated using both free nitrogen and protein/amino-
acid bound divided by 4.43 (Yeoh and Wee 1994).  
4.3.2. Glasshouse experiment design 
Based on the field trial results, four cultivars: Westonia, Spitfire, Bethlehem, and Mace were 
selected for a glasshouse experiment. Three cultivars, Westonia, Spitfire, and Mace, showed 
contrasting NUE in the field trial and also comprise different NAM-1 allelic compositions. One 
cultivar originated from Israel, namely Bethlehem was included in this study since it has the 
functional NAM-B1 allele that is different from the other three cultivars. The unique 
characteristics of each cultivar were also been considered for cultivar selection: Mace (high-
yielding), released in 2008 and rapidly became the dominant cultivar in Western Australian and 
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accounted for 66.7% of the total area sown to wheat in 2016 (Department of Agriculture and 
Food 2016); Spitfire, known as a high protein content and N remobilisation cultivar; Westonia, 
high in both protein content and grain yield (Balotf et al. 2018); Bethlehem, high protein 
content and moderate grain yield (Millet et al. 2013). Soil collected from the field trial was used 
in the glasshouse experiment. Plants were grown in a controlled temperature and light 
environment. The experiment was laid out in a complete randomised block design. The pot has 
a dimension of 190 mm height × 200 mm top diameter × 180 mm bottom diameter without 
holes to avoid leaching. The pots were watered manually. A base N dose of 20 N kg ha-1 was 
applied at sowing, coupled with P and K fertilisers. Three N rates 0, 50 and 100 kg N ha-1 were 
applied at mid-tillering, booting and flowering stages, as shown in Table 4-2. In order to achieve 
an adequate statistical power for data analysis and trait dissection, each treatment contains 12 
replications in the glasshouse, making a total of 432 pots being planted. 
Table 4- 2 Nitrogen rates and timing of application in the glasshouse experiment  
 
N level        Time of N application Tillering stage Booting stage Flowering stage 
 0 kg 
 N ha-1 
0% 0% 0% 
50 kg 
N ha-1 
T1 100% 0% 0% 
T2 0% 100% 0% 
T3 50% 50% 0% 
T4 40% 20% 40% 
100 kg 
N ha-1 
T1 100% 0% 0% 
T2 0% 100% 0% 
T3 50% 50% 0% 
T4 40% 20% 40% 
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 Phenotyping and sample collection from glasshouse experiment 
The anthesis time was estimated by the appearance of anthers on approximately 50% of all heads 
(Z61-Z65). Leaf tissue samples were collected at mid-tillering (Z22-Z24), booting (Z43- Z45), and 
flowering (Z65), just before the N application according to Zadoks' scale of cereal growth stages 
(Zadoks et al. 1974). The Leaves were frozen in liquid nitrogen and then stored at -80°C. The 
frozen leaves were ground to a fine powder in liquid nitrogen and used for RNA extraction and N 
content measurements of leaf tissue. 
The vegetative phase duration was estimated as the period from sowing to flowering, and the 
grain-filling phase duration was estimated as the period from flowering to the physiological 
maturity (Phillip et al. 2008; Tao et al. 2012). The grain, straw and root samples were harvested 
when all plants were considered completely mature by visual inspection. Plants were hand-
harvested to measure yield components. The number of heads was counted in each plant. The 
heads were cut off and the remaining straw was cut at ground level. Roots were washed 
thoroughly with water using a 1 mm mesh sized sieve until totally free of soil. Roots of the two 
plants grown in the same pot were weighed together. The grain and straw yields were measured, 
and the grain number was counted for each head. The TGW was measured by multiplying the 
weight of grains by 1000 divided by the number of grains per sample. The grain, straw and root 
samples were oven-dried separately in a forced air circulating dryer at 70C for 72 hours. The 
total nitrogen content of straw and grains was analysed following the same procedure of field 
samples as detailed in the previous section. Harvest index (HI) and N harvest index (NHI) were 
obtained by calculating the ratio of grain or N at harvest to total above-ground biomass or N, 
respectively (Siddique et al. 1989; Gaju et al. 2011). N uptake efficiency (NUpE) was calculated as 
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the ratio of aboveground N content to total N supply. N utilisation efficiency (NUtE) was 
calculated as the ratio of grain yield to aboveground N content. N use efficiency (NUE) was 
calculated as the ratio of grain yield to total N supply or multiplying NUpE by NUtE (Moll et al. 
1982; Good et al. 2004). 
 Leaf N content analysis  
Plant samples were dried at 40 C, and 0.1 g leaf tissue was analysed for total nitrogen using the 
Dumas high-temperature combustion method (Leco Instrument – 628, CSBP Laboratory, Western 
Australian). Samples were loaded into a combustion tube at 950 C and flushed with oxygen. 
Gases generated from this process were measured using a thermal conductivity cell for nitrogen 
(according to the instruction manual). 
4.3.3. Gene expression analysis 
 Digital droplet PCR (ddPCR) for the cDNA standards in the qRT PCR 
The gene copy number of total NAM-1 genes (NAM-A1, -B1 and -D1) in wheat cultivars was 
calculated based on the standards generated by a ddPCR. RNA was extracted from the flag leave 
of wheat cultivar Spitfire using a Qiagen RNeasy mini kit. The cDNA was then synthesised using 
the SensiFAST™ cDNA Synthesis Kit (BioLine, Alexandria, NSW, Australia). The ddPCR was 
conducted as described by Yang et. al. (Yang et al. 2014) with a slight modification using 1 µl 
cDNA as template instead of DNA. Forward primer 5’- TCA CTG CTC CAT CAT CAG GA, reverse 
primer 5’ - GGC GTC GTC TGC TGT GAA C, and probe 6xFAM -5’ CAG CCA TTT CCT GGA GGG CCT 
were used in the ddPCR. 
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 qRTPCR for the quantification of NAM gene expression in four wheat 
cultivars at three growth stages 
The RNA extraction and the synthesis of cDNA followed the protocols described above. The 
purified RNAs were quantified by NanoDrop ND-1000 spectrophotometer and their 
concentration adjusted to 50 ng/µl for qPCR, which was carried out in a Rotor-Gene Q (Qiagen, 
Hilden, Germany). The qPCR reaction contained 7.5 µl 2x qPCR master mix, 1 µl cDNA, 0.4 µl 10 
pmol/µl forward and reverses primers, and 0.5 µl 10 pmol probe, as described above. A 1 : 10 
dilution dilustion series (5) of the standards generated from ddPCR was included in each run to 
generate the standard curves and calculate the number of NAM gene expressed copies. 
4.3.4. Statistical analysis 
Analysis of variance (ANOVA) was performed using the Genstat statistical software (Genstat 
Eighteenth Edition; 18.1.0.17005, 2015, UK) to determine genotype and nitrogen treatment 
effects at different times of application. In the case of significant differences based on ANOVA 
and F-values for treatment effects, LSD (p<0.05) test and standard deviation/error of means were 
used to identify significant means. Correlation analysis was conducted to investigate the 




4.4.1. Influence of NAM genes under field conditions 
 Grain yield, protein content, NUE, and its components were 
influenced by NAM gene allelic composition 
A total of 19 wheat cultivars included in the field trial were compared to examine the influence 
of NAM gene allelic combinations on plant maturity type, grain yield, grain protein content, 
nitrogen use efficiency and its components (Table 4-1).  Significant grain yield differences 
(P<0.001) were found among the 19 cultivars. Mace, Wyalkatchem, and Westonia produced the 
highest grain yield (Table 4-1). Results also indicated that the grain yield was significantly 
influenced by N rate (P<0.05). The maximum yield (1705 kg ha-1) was achieved at the highest level 
of N (100 kg N ha-1); while the lowest yield (1578 kg ha-1) was obtained from the control treatment 
(0 kg N ha-1, Supplementary Table 4-2). Similarly, significant differences (P<0.001) were 
observed for grain protein content among the cultivars. The grain protein content increased with 
the increase of N rate. Application of N at booting stage led to achieve maximum grain protein 
content (13.40% average). The highest grain protein content was obtained in cultivar Alsen, being 
33.61% higher than that of H45 and Mace (Table 4-1). NUE and its components NUtE and NUpE 
were significantly influenced (P<0.001) by the cultivars and N rate. Cultivars Mace, Wyalkatchem, 
Westonia, Excalibur, and Bonnie-Rock attained the highest NUE, NUtE, and NUpE (Table 4-1). The 
control treatment which only had the base N application (20 kg ha-1) produced the highest NUE, 
NUtE, and NUpE followed by 50 and 100 kg N ha-1 (Supplementary Table 4-2).  
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 Correlation of NAM-A1 and -B1 alleles with phenotypes 
Correlation analysis of NAM-A1 and -B1 alleles with phenotypes is presented in Table 4-3. A 
significant correlation was observed between NAM-B1 allelic variation and yield, protein content, 
NUtE and maturity. The functional NAM-B1 allele produced a lower grain yield and NUtE but 
higher protein content. The non-functional NAM-B1 allele was negatively correlated with grain 
protein content (Table 4-1). On the other hand, there was no significant correlation between 
NAM-A1 allelic variation with yield or protein content alone. However, NAM-A1 allelic variation 
was significantly correlated with plant maturity and NUtE (Table 4-3). NAM-A1c and d alleles were 
associated with low NUtE and longer maturity. It is worth pointing out that the NAM-A1a allele 
had both positive effects on grain yield and protein content even though such effect was not 
statistically significant based on the field trial data used in this study. 
Table 4- 3 Correlations among allelic variation of NAM-1 genes and agronomic traits of 19 wheat cultivars under 
field conditions 
*, **, *** Significant at the 0.05, 0.01and 0.001 probability level, respectively. Grain protein content (GPC), Grain yield (GY), N 
uptake efficiency (NUpE), N utilisation efficiency (NUtE), and N use efficiency (NUE). 
 NAM-A1 NAM-B1 Maturity  GPC GY NUpE NUtE NUE 
NAM-A1 1        
NAM-B1 -0.15 1       
Maturity 0.58*** 0.37*** 1      
GPC 0.07 -0.23** 0.04 1     
GY -0.16 0.48*** 0.06 -0.47*** 1    
NUpE -0.02 0.10 0.02 -0.38*** 0.02 1   
NUtE -0.29*** 0.39*** -0.07 -0.78*** 0.65*** 0.44*** 1  
NUE -0.06 0.15 0.01 -0.47*** 0.14 0.98*** 0.56*** 1 
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4.4.2. Influence of NAM genes under controlled environmental conditions 
Four cultivars: Westonia, Spitfire, Bethlehem, and Mace had been selected for further 
investigation under controlled environment in glasshouse based on their contrasting responses 
to nutrient remobilisation in the field trial and NAM gene composition. As being investigated by 
this research group in another study (Yang et al. 2018), Bethlehem contain a functional NAM-B1  
gene, while Westonia has deletion and Mace has a non-functional allele. On the other hand, 
Spitfire has been identified with the combination of both the functional and non-functional NAM-
B1 alleles. In the case of NAM-A1 gene, Westonia and Spitfire contain allele a, while Bethlehem 
and Mace contain allele d (Table 4-4). 
Table 4- 4 Wheat cultivars carrying different NAM-1 genes has various of vegetative, grain filling and total 
duration. 
 
 Grain yield and its components, aboveground biomass, HI and NHI 
There were significant differences (P<0.001) in grain yield and yield components among the 
cultivars and N treatments. Interactions of N rate with both cultivars and time of application 
significantly influenced the grain yield and its components. The mean values for the cultivars 
across all N rates and times of application showed a 13.97% higher grain yield of Mace compared 
to Bethlehem and Spitfire (Table 4-5). Increasing N rates led to grain yield increases for all 
Cultivar 
NAM-A1        
allele 












Spitfire a Mixed a 73 37 110 
Mace d Non-functional a 77 48 125 
Westonia a Deletion a 72 40 112 
Bethlehem d Functional a 69 53 122 
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cultivars and 100 kg N ha-1 application produced the highest average yield (7.08 g plant-1). The 
interaction between cultivars and N rate had a highly significant impact on grain yield, 
demonstrated by the highest yield of Mace at 100 kg N ha-1 being 43.88% higher than that of 
Spitfire at 0 kg N ha-1 (supplementary Figure 4-1). The N application time and rate were also 
interacting significantly, with the highest average grain yield (7.50 g plant-1) achieved from 100 
kg N ha-1 applied at mid-tillering while the lowest average (6.20 g plant-1) obtained from the 0 kg 
N ha-1 in control treatment (supplementary Figure 4-2). The highest number of grain head-1 was 
recorded from Mace (49.31 grain) while the lowest number was recorded from Spitfire (42.77 
grain, Table 4- 6). 
Table 4- 5 Effects of four wheat cultivars, N application, and time of N application on NUE components  
Aboveground biomass (AGB), grain yield (GY), harvest index (HI), N harvest index (NHI), N utilisation efficiency (NUtE), N uptake 
efficiency (NUpE), and N use efficiency (NUE). Within the columns in each factor, means followed by the same letter are not 
significantly different according to LSD (P = 0.05). Means with no letter are not statistically different (F > 0.05). 
 AGB GY HI NHI NUtE NUpE NUE 
Cultivars 
g plant-1 g plant-1 % % 
g  grain 
g N  plant-1 




Bethlehem 11.31 b 6.37 b 0.56 b 0.89 a  7.17 b 17.95 b 128.70 b 
Mace 12.27 a 7.26 a 0.59 a 0.89 a 7.66 a 19.21 a 147.15 a 
Spitfire 11.46 b 6.39 b 0.56 b 0.87 b  6.88 b 18.79 a 129.28 b 
Westonia   11.77 ab 6.63 b 0.56 b 0.87 b 7.05 b 19.03 a 134.16 b 
N Rates        
0 10.95 c 6.20 c 0.57 0.88 7.42 a 36.95 a   274.17 a 
50 11.77 b 6.71 b 0.57 0.88 7.13 b 11.86 b 84.56 b 
100 12.39 a 7.08 a 0.57 0.89 7.02 b        7.43 c 52.16 c 
Time N app.       
T1 11.91 6.70 0.56 0.88 7.18 18.73 134.48 
T2 11.65 6.70 0.57 0.89 7.22 18.77 135.52 
T3 11.76 6.70 0.57 0.88 7.23 18.75 135.56 
T4 11.50 6.56 0.57 0.88 7.12 18.74 133.43 
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The time of N application also influenced the number of grain head-1. The highest number of grain 
head-1 (47.08 grain) was achieved by applying N at booting stage (Table 4- 6). On the other hand, 
TGW was significantly influenced by cultivar and time of N application (p<0.001). However, there 
was no evidence that N rate had an influence on TGW. The maximum TGW (44.06 g) was achieved 
when N was applied at the latest stage (flowering). The result of interaction between cultivar and 
N rate showed that Bethlehem produced the highest TGW (45.96 g) at 0 kg N ha-1 treatment 
(Data not shown). HI and NHI were significantly influenced by cultivars and by the interaction of 
cultivars and N rates (p<0.001) where Mace produced the highest in both the cases (Table 4- 5). 
The aboveground biomass increased significantly with the increase of N rates (p<0.001). 
Correlation analysis of NAM-A1 and -B1 alleles with phenotypes (Table 4-7) shows that the non-
functional NAM-B1 allele was positively correlated with both the grain yield and HI, while 
negatively correlated with TGW. The NAM-A1a cultivars showed an earlier senescence while 
NAM-A1d cultivar demonstrated a longer green period. The higher HI, NHI and TGW were 
achieved by the NAM-A1d allele compared to that of allele NAM-A1a, indicating a longer green 
period in glasshouse is desirable for achieving higher grain yield. 
 Nitrogen content in leaf tissue 
Analysis of the data revealed significant effects of cultivar, N rate, and the time of N application 
on leaf N content. N content in leaves at three developmental stages (tillering, booting, and 
flowering) was significantly different (p<0.01). Figure 4-1 showed that all cultivars’ maximum N 
content in leaves was achieved at tillering stage (5.48%), while the lowest was at flowering stage 
(3.26%). Cultivar Bethlehem showed higher (p<0.01) N-content (4.30%) compared to Spitfire and 
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Westonia (3.95 and 3.98%, respectively). The control treatment (0 kg N ha-1) recorded the highest 
(p<0.01) N content in leaf tissue compared to 50 and 100 kg N ha-1. Most of the interactions 
between stages and other factors were significant for N content in leaf tissue (data not shown). 
  
Figure 4- 1 Effect of cultivars and N application on N content in leaf tissues at different growth stages. 
Significant differences (p < 0.01) between cultivars and N application on N content in leaf tissue at 
different growth stages. 
 Grain protein content and residual N in straw 
There was a significant difference (P<0.001) in the grain protein content and residual N in the 
straw between the cultivars and the N treatments. Cultivar Bethlehem produced the highest 
grain protein which was 7.98% more than the lowest (Mace), while it resulted the lowest residual 
N in the straw which was 6.15% less than the highest (Mace) (Table 4-6).  Both grain protein 
content and residual N content in the straw increased when higher N rates were applied. 
Maximum grain protein content and residual N in the straw were obtained from 100 kg N ha-1, 









































































negatively correlated with grain protein content (r = -0.46, P< 0.01). Allelic variation of NAM-A1 
did not show any significant correlation with grain protein content. 
Table 4- 6 Effects of four wheat cultivars, N application, and time of N application on agronomic traits  
Anthesis date, grain number, head number, thousand grain weight (TGW), dry root weight (DRW), grain protein content (GPC), 
residual N in straw (RNS). Within the columns in each factor, means followed by the same letter are not significantly different 
according to LSD (P = 0.05). Means with no letter are not statistically different (F > 0.05). 
 Dry root weight (DRW) 
DRW showed significant variations depending on the cultivars and N treatment (P<0.001). 
Cultivar Mace had the maximum DRW (7.65 g) while the lowest was with Bethlehem (5.91 g) 
(Table 4-6). DRW at 100 kg N ha-1 treatment was significantly higher than that of 0 and 50 kg N 







TGW DRW GPC RNS 
Cultivars Day Seed head-1 Head plant-1 g g % % 
Bethlehem 68.42 d 45.16 b 3.28 b 44.25 a 5.91 b 8.98 a 1.44 c 
Mace 76.56 a 49.31 a 3.58 a 41.69 b 7.65 a 8.42 c 1.53 b 
Spitfire 72.50 b 42.77 b   3.46 ab 41.76 b 6.07 b 8.73 b 1.61 a 
Westonia 71.33 c 45.41 b 3.61 a 41.10 b 6.57 b 8.92 ab 1.52 b 
N Rates        
0 72.75 a 44.83 3.18 c 42.40 6.21 b 8.51 c 1.47 b 
50 71.85 b 46.99 3.50 b 42.09 5.96 b 8.77 b 1.55 a 
100 72.00 b 45.17 3.77 a 42.11 7.49 a 9.01 a 1.56 a 
Time N app.       
T1 72.53   44.83 ab 3.64 41.62 b 6.29 8.64 1.53 
T2 72.08 47.08 a 3.45 41.37 b 6.36 8.79 1.53 
T3 71.97 46.99 a 3.42 41.74 b 6.50 8.75 1.53 
T4 72.22 43.75 b 3.42 44.06 a 7.05 8.86 1.52 
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applied at the latest stage (flowering) resulted in the highest DRW (7.05 g). DRW had a significant 
positive correlation with the non-functional NAM-B1 allele (r = 0.45, P< 0.01). 
Table 4- 7 Correlations among allelic variation of NAM-1 genes and agronomic traits of four cultivars 






DVet DGF DRW TGW GPC GY HI% NHI% NUpE NUtE 
NAM-A1d 1            
Non -
NAM-B1 
0.01 1           
DVet 0.09 0.86*** 1          
DGF 0.92*** -0.03 -0.20 1         
DRW 0.13 0.45** 0.29 0.12 1        
TGW 0.31* -0.38* -0.38* 0.22 0.01 1       
GPC -0.12 -0.46** -0.50** 0.00 -0.07 0.32 1      
GY 0.24 0.57*** 0.48** 0.07 0.48** -0.31 -0.48** 1     
HI% 0.39** 0.46** 0.47** 0.12 0.15 -0.15 -0.42* 0.65*** 1    
NHI% 0.47*** 0.16 -0.12 0.53*** 0.07 0.40** 0.22 0.27 0.72***   1   
NUpE -0.01 0.03 0.16 -0.08 -0.20 0.01 -0.46*** -0.52*** -0.06 -0.06 1  
NUtE 0.48*** 0.35* 0.38** 0.34* 0.12 0.08 -0.68*** 0.41** 0.81*** 0.55*** 0.37* 1 
1 
*, **, *** Significant at the 0.05, 0.01and 0.001 probability level, respectively. Duration of vegetative phase (DVet), grain-filling 
phase (DGF), dry root weight (DRW), thousand-grain weight (TGW), grain protein content (GPC), grain yield (GY), harvest index 
(HI), N uptake efficiency (NUpE), N utilisation efficiency (NUtE), and N use efficiency (NUE). 
 
 Nitrogen use efficiency (NUE) and its components 
There were significant differences (P<0.001) in NUpE, NUtE, and NUE among the cultivars, N rate, 
and the interaction of cultivars with N rate (Table 4- 5). Cultivars Mace, Spitfire and Westonia 
exhibited significantly higher NUpE than Bethlehem. Similar to the field trial results, the control 
treatment (0 kg N ha-1) produced significantly higher NUpE than that of the 50 and 100 kg N ha-1 
treatment. Mace at 0 kg N ha-1 had the highest NUpE (P<0.01). Mace also had the highest NUtE 
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and overall NUE regardless of N application rate and timing of application (P<0.01). Mace at 0 kg 
N ha-1 had the highest NUE and NUtE (P<0.01). Among NUE and its components, only NUtE had 
a significant correlation with NAM-A1 and -B1 alleles (Table 4-7). NUtE was significantly 
correlated with the non-functional NAM-B1 allele (r = 0.35, P <0.05), and the NAM-A1d allele (r 
= 0.48, P <0.001). Both the non-functional NAM-B1 allele and NAM-A1d allele increased the NUtE. 
 NAM-1 gene expression is influenced by cultivars and N treatments 
Expression levels of total active NAM-1 genes (NAM-B1, -A1 and -D1) as determined by qRT-PCR 
were significantly different (p<0.001) across cultivars, N rates, times of N application, and 
developmental stage (Figure 4-2). Averaged across cultivars, N rate, and time of N application, 
the highest total NAM-1 gene expression level (3107) was occurred at flowering stage, followed 
by booting stage (1080), and mid-tillering stage (689, Figure 4-2). Averaged across growth stages, 
N rate, and time of application, Bethlehem (1868) and Spitfire (1864) exhibited higher total NAM-
1 gene expression levels than Mace (1393) and Westonia (1377). Gene expression level of the 
combined NAM-1 genes increased (1389, 1608, and 1879) with the increase of N rates (0, 50 and 
100) kg N ha-1, respectively. Averaged across cultivars, N rate, and growth stages, the highest 
combined NAM-1 gene expression (1840) was observed when N was applied 50% at mid-tillering 
and 50% at booting stage, while the lowest NAM-1 gene expression was observed when N was 
applied at once either at mid-tillering or at booting stage. NAM-1 gene expression was 




Figure 4- 2 Effect of cultivars and N application on the total NAM-1 gene expression at different growth 
stages. Significant differences (p < 0.001) between cultivars and N application on the total NAM-1 gene 
expression at different growth stages. 
4.5. Discussion 
NUE is a complex trait that results from an interaction of several component traits such as grain 
and protein yield, NUtE, and NUpE. Recent studies have confirmed that around 60-95% of wheat 
grain N comes from the remobilisation of N stored in plant parts such as roots and shoots before 
anthesis (Kong et al. 2016, Barraclough et al. 2010, Hirel et al. 2007). The genetic factors involved 
in the absorption and utilisation of nutrients, such as differences in morphological, physiological 
and biochemical processes, have a large impact on NUE and its components. The NAM-B1 
transcription factor increases nutrient remobilisation and accelerates monocarpic senescence 
coupled with a slight yield penalty (Waters et al. 2009; Borrill 2014), and is being considered as a 
genetic factor influencing NUE. NAM-A1 is a gene with a similar function to NAM-B1 involved in 
















































































and yield (Cormier et al. 2015). However, NAM-D1 has never been reported with any influence 
on NUE. This study was able to include only one cultivar in the field trail that harbouring 
functional NAM-B1. This is because of the fact that functional NAM-B1 is not common in bread 
wheat cultivars (Masclaux‐Daubresse et al. 2008; Hagenblad et al. 2012; Asplund et al. 2013) 
which can be grown in Western Australian conditions. Only one Australian wheat cultivar has 
been identified having functional NAM-B1 in the screening of 51 cultivars (Yang et al. 2018). Thus, 
to improve the strength of the correlation analysis we have included another cultivar 
(Bethlehem) from overseas (Israel) with functional NAM-B1 in the glasshouse experiment. 
In general, the non-functional NAM-B1 allele showed a significant association with higher yield 
as evident by correlation analyses. For examples, Mace, Wyalkatchem, and Bonnie-Rock, which 
produced the highest grain yield, NUtE, NUpE, and NUE, carry a combination of non-functional 
NAM-B1 and NAM-A1a or d alleles. However, independently from the presence of a functional 
gene or complete lack of NAM-B1, the presence of the NAM-A1c allele resulted in higher protein 
content, as seen in cultivars Volcani (functional NAM-B1, NAM-A1c), and Alsen  and Drysdale 
(deletion NAM-B1, NAM-A1c). 
The correlation analysis results showed a significant relationship between NAM-1 allelic variation 
and maturity type. However, the interaction effect of NAM-A1 and NAM-B1 genes on 
determining the maturity of wheat cultivars also has been noticed. NAM-A1 alleles a and b were 
exclusively characteristic of early and early to mid-maturing cultivars regardless of their NAM-B1 
allelic composition. On the other hand, NAM-A1 alleles c and d were related to mid and late 
maturity only in combination with non-functional NAM-B1 allele (Table 4-1), which is in 
concordance with the senescence-promoting role of the functional NAM-B1 allele. In contrast, 
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NAM-A1 alleles c and d combined with functional/deletion NAM-B1 alleles showed early and 
early to mid maturity in general. Based on the glasshouse results which represent wheat growing 
conditions without any limiting factors, we conclude, that the non-functional NAM-B1 coupled 
with NAM-A1 alleles c or d can be associated with high-yielding potential might be due to positive 
relation to the length of the grain-filling period. However, in most of the field conditions across 
the world with a range of complex environmental factors exist; different allelic effects have been 
detected. Under Western Australian conditions, our results have shown that the non-functional 
NAM-B1 allele and the NAM-A1a alleles are favourable alleles for achieving higher grain yield and 
NUtE. 
Based on the gene expression profiles shown at expVIPs (www.wheat-expression.com) (Borrill et 
al. 2016), NAM-B1 and -A1 show the highest expression in the flag leaf and stamens, but is also 
expressed in the spikelet while NAM-D1 is expressed in the spikelet and stamens during anthesis. 
The qRT-PCR analysis showed that the NAM gene expression reached the peak at flowering 
(Figure 4-2) in accordance with previously published articles confirming that the NAM gene 
function relates to senescence which ultimately influencing the maturity of the cultivars (Uauy et 
al. 2006a; Uauy et al. 2006b; Waters et al. 2009; Asplund et al. 2013; Cormier et al. 2015). This 
was a total NAM gene expression which does not allow us to interpret the expression level of 
individual NAM gene or allele. However, the relative comparison indicated the total NAM gene 
expression was influenced by the types of alleles. For example, cultivars with functional NAM-B1 
allele (spitfire and Bethlehem) showed higher expression of total NAM gene than the cultivars 
with non-functional or deletion NAM-B1 allele (Mace and Westonia). As presented in the Table 
4-4 cultivar Spitfire and Westonia had the same composition of NAM-A1 and D1 and also Mace 
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and Bethlehem had the similar NAM-A1 and D1 composition. Thus, the variation in the total gene 
expression between Spitfire and Westonia and also between Mace and Bethlehem is contributed 
by the variation at NAM-B1 allele. On the other hand, comparison between the NAM gene 
expression of Mace and Westonia both of which carry similar type of NAM-B1 allele showed that 
the variation of NAM allele doesn’t show much difference in total gene expression. It is worth 
mentioning that the less influence of NAM-A1 allelic variation on the total NAM gene expression 
variation doesn’t disprove its function of determining maturity. This expression analysis also 
clearly demonstrated that NAM-B1 functional allele boosted the gene expression when N 
fertilizer was added. 
Although the four cultivars used in the glasshouse experiment represented early and early to 
mid-ripening types, we observed large differences in their development. The duration of the 
entire cycle was different in the four cultivars. The life cycle of Mace and Bethlehem was around 
two weeks longer than that of Spitfire and Westonia. Likewise, there was a difference between 
Mace and Bethlehem in the duration of vegetative and grain-filling periods. Based on these 
observations, we conclude that the four cultivars represent three different developmental 
mechanisms.  
The first mechanism can be seen in Mace, which had a long vegetative phase (77 days) combined 
with a long grain-filling period (48 days). Accordingly, this cultivar had more chance to 
accumulate further N in the vegetative parts, which could then be remobilised to the grains 
during the grain-filling period. Mace, as a representative of high-yielding cultivars, carries a non-
functional NAM-B1 combined with the NAM-A1d allele (Table 4-4), which delayed the senescence 
and resulted in a low grain protein content. In contrast, this allelic combination produced higher 
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grain yield, above-ground biomass, DRW and NUE and its components (Tables 4-5 and 4-6). 
Increasing the duration of the vegetative phase has the potential to improve the accumulation 
of total dry matter (Gebeyehou et al. 1982b; Alagarswamy and Bidinger 1985; Fischer 2016). On 
the other hand, delayed leaf senescence can extend the duration of grain filling phase and thus 
enhance grain yield due to the addition in photosynthesis rate and grain filling capacity 
(Gebeyehou et al. 1982a; Hawkesford et al. 2013; Borrill et al. 2015). In this study, the total dry 
matter and entire life cycle were significantly higher (P<0.01) in Mace resulted in higher grain 
yield, NUpE, NUtE, and NUE. Several studies have shown differences among cultivars in the pre-
anthesis and post-anthesis build-up of grain yield and yield components (Przulj and Momcilovic 
2001; Guarda et al. 2004; Arduini et al. 2006). The second mechanism can be observed in 
Bethlehem. This cultivar takes nearly the same number of days to reach at the end of the grain-
filling stage as Mace. However, Bethlehem had a shorter vegetative phase (69 days) coupled with 
a long grain-filling period (53 days) to uptake and remobilise the N during the grain-filling period. 
The potential storage capacity of the grain is determined during the initial stage of endosperm 
cell division that is within the first 15 days after anthesis (Jenner et al. 1991; Martre et al. 2007). 
The low grain yield and high grain protein content of Bethlehem, Alsen, Drysdale and Volcani can 
be explained by the different combinations of NAM gene alleles. Short vegetative phase related 
to the functional NAM-B1 combined with low DRW, number of tillers (Heads plant-1), and number 
of grain head-1 (low total dry matter) resulted in decreased grain yield and yield components. 
However, a long grain-filling period is associated with the NAM-A1d allele, which resulted in an 
increased N uptake and remobilisation during the grain-filling period, led to an increased grain 
protein content and TGW. Our results are in consistent with the finding by Martre et al. (2007) ie., 
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an increase in the duration of grain filling phases is a strategy to improve grain protein yield and 
NUE (Martre et al. 2007). 
The third mechanism can be seen in Spitfire and Westonia, which represented similar growth 
types. Both cultivars have a medium vegetative phase (73 and 72 days respectively) followed by 
a very short grain-filling period (37 and 40 days, respectively). Medium vegetative phase was 
linked to absent or mixed NAM-B1 allele and short grain-filling period related to NAM-A1a allele. 
Accelerated senescence might improve N remobilisation and grain protein content but it resulted 
in reduced TGW and lower grain number, thus resulting in decreased grain yield in cultivars 
carrying the NAM-A1a allele (Cormier et al. 2015). 
Differences between the three mechanisms can be explained in terms of the different 
combinations of NAM-B1 and -A1 alleles. The non-functional NAM-B1 allele delayed leaf 
senescence (Hagenblad et al. 2012; Asplund et al. 2013). Increased duration of grain-filling due 
to the presence of NAM-A1c and d might provide more carbon and nitrogen, resulting a higher 
grain yield (Borrell et al. 2001; Cormier et al. 2015). At the same NAM-A1 background, a negative 
correlation between the non-functional NAM-B1 allele and grain protein content was observed. 
Remarkably, both functional NAM-B1 and the deletion of NAM-B1 gene correlate to the higher 
protein content. 
The glasshouse result from the leaf tissue N analyses provides further support for the differences 
between the three mechanisms described above. In Figure 4-1, we can see that the maximum N 
accumulation in leaf tissues was at the early stage (mid-tillering) for all cultivars. At later stages 
(booting and flowering) the N was translocated to the developing grains. However, Spitfire and 
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Westonia translocated the N earlier, because they have a shorter grain-filling period. The NHI 
data for the four cultivars provides further support regarding the negative impact of the short 
grain-filling period on grain yield. Spitfire and Westonia, which had a short grain-filling period, 
showed a low NHI compared with the other two cultivars (Table 4-5). NHI is an important 
parameter to measure the translocation efficiency of absorbed N from vegetative parts to the 
grain (Fageria 2014; Hitz et al. 2017). To summarise, an increase in the duration of N 
accumulation at the leaves or the duration of N remobilisation to grains can both be good 
strategies to improve NUE. 
Allele NAM-A1a is prevalent in early-ripening cultivars. The combinations of NAM-A1c/d with a 
functional NAM-B1 gene result in higher protein content, as for example in Volcani and 
Bethlehem. However, it is important to measure gene expression levels, not only allelic presence 
or absence when determining the effect of NAM-1 genes on yield, protein content, and NUtE. 
4.6. Conclusions 
Based on a large scale glasshouse experiment, three different developmental mechanisms 
involving the different duration of the grain-filling period were interpreted with the different 
combination of NAM-1 genes. Presence of the non-functional NAM-B1 allele is related to delayed 
leaf senescence meaning a longer grain-filling period and generally higher NUtE. On the other 
hand, functional NAM-B1 allele and the NAM-A1a allele were associated with a shorter grain-
filling period, making it useful in regions with a short rainfall season like Western Australia. A 
negative correlation between the non-functional NAM-B1 allele and grain protein content was 
observed. In contrast,  presence of functional NAM-B1 allele or deletion of the NAM-B1 gene are 
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correlated with higher protein content. NAM-A1 gene allelic composition was also strongly 
associated with maturity types. Cultivars with NAM-A1a and b alleles demonstrated early to mid 
maturity, while the cultivars with NAM-A1c and d alleles showed mid to late maturity at the same 
(non-functional) NAM-B1 allele background. 
The allelic effects are highly dependent on environmental conditions. The selection of specific 
combinations of NAM-1 alleles offers an opportunity to develop new high NUtE cultivars for 
target environments. The higher N application had a positive effect on grain yield and its 
components as well as dry matter and dry root weight, while the timing and splitting of N 
applications had no obvious effect on NUE or its components. Late N application only increased 









































Statement of Contribution 
Journal Publications 
Zaid Alhabbar, Dean Diepeveen, Angela Juhasz, Masood Anwar, Nigarin Sultana, Rongchang Yang, 
Wujun Ma and Shahidul Islam, Association of key agronomic traits with wheat nitrogen use efficiency 













analysis and interpretation of 
the results, writing the 



































5. Chapter 5 Association of key agronomic traits with wheat nitrogen 
use efficiency varies between low and high N availability 
             Zaid Alhabbar1,2, Dean Diepeveen3,4, Angela Juhasz1, Masood Anwar1, Nigarin Sultana1, 
Rongchang Yang1, Wujun Ma1* and Shahidul Islam1* 
 
1- Australia China Centre for Wheat Improvement, School of Veterinary and Life Sciences, Murdoch University, 
Murdoch, Western Australia, 6150 
2- Department of field crops, College of Agriculture and Forestry, Mosul University, Iraq, 41002 
3- Department of Primary Industries and Regional Development, 3 Baron-Hay Court, South Perth 6151 
4-  School of Veterinary and Life Sciences, Murdoch University, Murdoch, Western Australia, 6150 
* Authors for correspondence. 
5.1. Abstract  
Identifying the key traits for high nitrogen use efficiency (NUE) at low N might be useful for 
optimising production cost by reducing fertilizer input. However, selection of modern wheat 
cultivars for high NUE is mostly conducted at N saturation level resulting in ignoring critical traits 
for NUE under low N availability. This glasshouse study investigated the genetic variability of N-
use efficiency (NUE) and identified the association of important traits with NUE particularly under 
limited N conditions by using four wheat cultivars having contrasting potential of N 
remobilisation. The leading Western Australian wheat cultivar Mace is included for benchmarking 
purpose to study fine trait compositions ideal for Western Australian cultivation. Overall, heading 
date, above ground biomass (AGB), head number, tiller number showed strong association with 
NUE at both high and low Nitrogen conditions. However, number of traits influencing NUE and 
its components differ between high and low N conditions. Dry root weight (DRW), maximum 
chlorophyll content (CCI) and seed number showed significant positive correlation with NUE and 
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NUpE at low N condition but not at high N condition. However, at low N condition, plant height 
showed significant negative correlation with NUE and NUpE. On the other hand, harvest index 
and Nitrogen harvest index were positively associated with NUtE only at low N condition. Besides, 
Nitrogen uptake efficiency (NUpE) showed stronger influence on NUE compared to nitrogen 
utilisation efficiency (NUtE). Grain yield compensation under low nitrogen treatment was smaller 
in Mace (22% reduction) compared to the other cultivars (between 37% and 47%). Higher yield 
of Mace both at low and high N conditions was attributed by higher biomass. High nitrogen use 
efficiency can be achieved at low nitrogen input by selecting genotypes with the reported critical 
traits.  
Keywords: Chlorophyll content index, dry root weight, plant height, stay-green and early 
senescence traits. 
Corresponding authors email: 
Wujun Ma: W.Ma@murdoch.edu.au 
 Shahidul Islam: s.islam@murdoch.edu.au 
5.2. Introduction  
The total Australian wheat production is estimated at 24.5 million tons in 2016 (FAOSTAT 2016a). 
Western Australia generates about 50% of Australia's total annual wheat production. The wheat 
cultivar called Mace, released in 2009 rapidly become the dominant cultivar in Western Australia 
and the recent years accounted for 66.7% of the total area sown to wheat (Department of 
Agriculture and Food 2016) because of its consistent yield performance. High Nitrogen use 
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efficiency under low input farming system might be the reason of higher yield of Mace in Western 
Australia. Generally, NUE can be divided into two parts: nitrogen uptake efficiency (NUpE), which 
is the capacity of a plant to adsorb N from the soil, and nitrogen utilisation efficiency (NUtE), 
which is the plant’s ability to use N available within the plant’s body to produce grain yield (Lea 
and Azevedo 2006; Hirel et al. 2007). Nitrogen fertiliser use is expected to increase more than 
three times in the next 30 years unless NUE is improved in modern cultivars (Good et al. 2004). 
This can be achieved by optimising N management and selecting cultivars with better N use 
efficiency (Barraclough et al. 2010). However, in breeding programs, modern wheat cultivars 
have been selected under non-limiting N conditions, thus resulting in loosing traits associated 
with high NUE at low N condition (Raun and Johnson 1999; Guarda et al. 2004). Thus assessing 
NUE under limited nitrogen condition has been identified as the key focus to improve NUE of 
wheat (Hawkesford 2017). 
The NUpE was found to be a key contributor to NUE (Dhugga and Waines 1989; Hitz 2015). 
However, the degree at which NUpE influences the NUE might depend on the applied N level (Le 
Gouis et al. 2000; Muurinen et al. 2006; Wang et al. 2011). It has been demonstrated that NUpE 
is only slightly more important than NUtE in their contribution to NUE under low N conditions 
(Van Sanford and MacKown 1986). Understanding the nature of regulation of these two 
processes is essential to improve NUE in crop plants. A number of key agronomic traits have been 
reported for contributing to the NUE and its components (Asplund et al. 2016; Cormier et al. 
2016; Nehe et al. 2016). Contribution of the traits to NUE might dependent on the environmental 
factors particularly on the N level. It has been assumed in a recent review that the NUE 
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contributing traits might be different at low N level and which is essential to explore (Hawkesford 
2017). 
Many recent studies have shown that between 60% and 95% of grain N of wheat comes from the 
remobilisation of N stored before anthesis in plant parts such as roots and shoots (Hirel et al. 
2007; Barraclough et al. 2010; Kong et al. 2016). These storage pools play an essential role in 
providing additional N during grain filling. Thus, increased biomass have identified as a major 
contributor of NUE and future genetic progress to improve NUE in wheat might focus on this trait 
(Pask et al. 2012; Gaju et al. 2016). Particularly important is increased above-ground biomass to 
improve the synchronisation of crop N demand and the availability of N during early development 
growth stages (Liao et al. 2004; Pang et al. 2014). Many studies argue that vigorous above-ground 
growth is usually linked to the rapid growth of the root system, leading to a higher capacity of 
the roots to capture N before it leaches deeper into the soil (Liao et al. 2004; Melino et al. 2015). 
Thus, optimising the root system for different N environments could be a good strategy to 
improve NUpE. Some genotypes respond to low N supply by increasing the total root system 
(number and length) leading to improved N uptake. Cultivars with higher NUpE possesed 
improved root traits such as biomass, length, and surface area (Zhang et al. 2015; Cormier et al. 
2016) indicating root morphological traits under N deficiency could be more associated with plant 
biomass production. 
Plant height is another important agronomic trait, not only related to plant structure but also 
contributes to grain yield and NUE in wheat. Reduced plant height resulting from using dwarfing 
genes can have further potential to increase grain yield through enhanced lodging resistance, 
and to modify the proportion of dry matter allocated to the grain(Rebetzke and Richards 2000). 
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Reduced plant height has been extensively utilised as the ideal trait in the breeding program to 
improved grain yield, NUE and its component in wheat (Ellis et al. 2002; Gooding et al. 2012; Bai 
et al. 2013; Wang et al. 2014). 
Another important trait that is strongly genetically controlled and correlated to grain yield is leaf 
senescence, particularly under low N conditions. Stay-green cultivars with delayed senescence 
provide a longer grain filling period through continued N uptake and translocation. Thus, stay-
green cultivars are capable of higher N uptake and accumulation which provides further gains in 
NUE (Barraclough et al. 2010; Hitz et al. 2017). Measuring senescence is always a challenge due 
to the qualitative nature of the trait. However, the advancement of spectrometric high-
throughput phenotyping technologies has made the reliable measurement of senescence 
possible. Measurements obtained with the chlorophyll concentration meter, such as the SPAD 
chlorophyll meter can be used to select genotypes for improved productivity (Wood et al. 1993; 
Shanahan et al. 2001; Le Bail et al. 2005; Babar et al. 2006). 
Measuring the NUE potential in modern wheat cultivars is considered suboptimal unless  the 
cultivars are compared under both low and high N conditions (Gaju et al. 2016; Hitz et al. 2017). 
The aim of the current study was to identify the key traits related to NUE under the low and high 
N conditions separately. The identified traits will provide critical information for Australian 
breeding programs to select cultivars with higher NUE. Meanwhile, the fine trait combination for 
the leading cultivar Mace will also be studied. The result is potential valuable for wheat breeder 
to breed superior cultivars by pyramiding various traits. 
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5.3. Materials and methods 
5.3.1. Experimental treatments 
A glasshouse experiment was designed to study the traits related to NUpE and NUtE of three 
Australian and one Israeli wheat cultivar, namely Westonia, Mace, Spitfire, and Bethlehem. 
Cultivars were selected on the basis of their contrasting behaviours in regard to nutrient 
remobilisation. Spitfire is known for producing higher protein from nutrient remobilisation 
(Rohan et al. 2014; Balotf et al. 2018); Westonia has a higher utilisation of water-soluble 
carbohydrates (Diepeveen and Setter 2002); Mace produces higher grain yield (Department of 
Agriculture and Food 2016); and Bethlehem is an international cultivar known for higher protein 
content in the grain (Millet et al. 2013). These contrasting phenotypes can all be attributed to 
potentially different responses in NUE. The soil used in the glasshouse experiment was collected 
from a field site in Wongan Hills that showed the soil N content was very low which made the 
site N-responsive (data not presented). Plants were grown under controlled temperature and 
sunlight conditions. The pots were watered manually based on soil water capacity. Two N rates 
were used: low Nitrogen (LN) 0 kg N ha-1, and high Nitrogen (HN) 100 kg N ha-1 were applied at 
mid-tillering (Zadoks scale 22-25), booting (Z43-Z45), and flowering (Z65) stages. The timing for 
N applications was adjusted according to Zadoks (Z) decimal growth stage for wheat (Zadoks et 
al. 1974). Thus, the following N application schedule was followed: T1= 100 kg N ha-1 at mid-
tillering; T2= 100 kg N ha-1 at booting; T3= 50 kg N ha-1 at mid-tillering + 50 kg N ha-1 at booting, 
and T4= 40 kg N ha-1 was applied at mid-tillering + 20 kg N ha-1 at booting + 40 kg N ha-1 at 
flowering. The experiment was laid out in a complete randomised block design with six replicates 
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and with pot (190 mm height × 200 mm top diameter × 180 mm bottom diameter) without holes 
to avoid leaching as the experimental unit. After sowing, P and K were added to each pot 
depending on the soil test. Flexi-N (containing 50% urea, 25% nitrate, and 25% ammonium) was 
used as a source of N because it’s high N content (42.2% N). Flexi-N was uses since it contains 
nitrate which is directly available to plants while the urea and the ammonium become available 
more slowly, enabling a controlled release of nitrogen over an extended period (CSBP 2012). 
Length of growth phases differed markedly between cultivars. Times for N application, 
measurement of chlorophyll content, and tissue collection were adjusted according to each 
cultivars growth stage. 
5.3.2. Phenotyping and sample collection 
Heading dates were recorded as the day an estimated 50% of the heads had extended above the 
flag leaf collar. Anthesis dates were estimated by the appearance of anthers on approximately 
50% of all heads. Plant height was measured from soil surface to the top of the plant (Wang et 
al. 2010). Grain, straw and root samples were harvested, when all plants were considered 
completely mature by visual inspection. All plants in a pot (main stem plus tillers) were hand-
harvested to measure yield components and the head number per plant counted. The heads 
were cut-off and the remaining straw was cut at ground level. Roots of two plants grown in the 
same pot were washed with abundant water above a 1 mm mesh size sieve and the mean value 
was used for the measurement. Grain and straw yield was estimated. The seed number per head 
was counted and the thousand grain weight (TGW) was determined by multiplying the weight of 
seeds by 1000 divided by the number of seeds per sample. Grain, straw and root samples were 
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oven-dried separately in a forced-air circulating dryer at 60°C for 72 hours. The total nitrogen 
content of straw and grains was analysed by Near-infrared reflectance spectroscopy (NIRS) using 
a FOSS NIR Systems model 5000 spinning cup. NIRS data collection used DPIRD wheat calibrations 
developed over many years with the WinISI software (FOSS NIR Systems Inc., Laurel, MD, USA). 
The harvest index (HI) and N harvest index (NHI) were estimated as the ratio of harvested grain 
to above-ground dry matter and N accumulated in the grain to N accumulated in the total above-
ground biomass, respectively (Siddique et al. 1989; Gaju et al. 2011). N uptake efficiency (NUpE) 
was calculated as the ratio of above-ground N uptake to total available and supplied N. N-
utilisation efficiency (NUtE) was calculated as the ratio of grain yield to above-ground N uptake.  
N-use efficiency (NUE) was calculated as the ratio of grain yield to total N supply or by multiplying 
the NUpE by NUtE (Moll et al. 1982; Good et al. 2004). 
5.3.3. Calculating the onset of senescence in the flag leaf 
The onset and rate of senescence in the flag leaf were determined at the time when the 
chlorophyll content of the plant decreases rapidly during grain filling (Araus and Labrana 1991). 
Averaged across all four cultivars, the maximum chlorophyll content index was achieved at 
anthesis (Z 61). Stay-green and early senescence cultivars could be identified by measuring the 
onset of flag leaf senescence (Kipp et al. 2014). The rate of senescence was calculated as (CCIMax 
- CCIX) / CCIMax x 100, where CCIMax is the value of maximum CCI of the plant before decreases 
due to grain filling and CCIX is the value of CCI in the specific stage to measure the decline of rate 
senescence. The time of 50% senescence (Time 50% Sen) is estimated as the time to loss of 50% 
of maximum CCI value (Christopher et al. 2014). 
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5.3.4. Flag leaf area estimation and chlorophyll content 
Maximum length and width of flag leaf was measured then multiplied by 0.74 to calculate flag 
leaf area (Mulla 1991). Chlorophyll content was measured using a hand-held chlorophyll meter 
(IC-CCM-200 - Chlorophyll Concentration Meter CCM-200 plus). One value per plant was taken 
from the flag leaf on the main stem at seven different growth stages:- booting (Z43-Z45), 
flowering (Z65), 7 days after anthesis (DAA), 14 DAA, 21 DAA, 28 DAA, and 35 DAA)(Zadoks et al. 
1974). Each value was the average of three measurements recorded from the middle of the 
leaves. The main stem of each plant was individually labelled, to make sure the same leaves were 
always measured. Senesced leaves were recorded as zero. 
5.3.5. Statistical analysis 
Regression analysis or Analysis of variance (ANOVA) was performed using Genstat (Genstat 18th 
Edition; 18.1.0.17005, 2015, UK) to determine genotype and nitrogen treatment effects. A least 
significant difference (LSD) test, standard deviation, and error of means were used to separate 
means. An All-subset regression analysis was conducted to validate the relationship between 
NUE and the traits that are influenced by the Nitrogen treatments. A further multivariate 
Principal Component analysis was then undertaken to validate these relationships with NUpE, 
NUtE and NUE. 
5.4. Results 
The aim of this study was to investigate the association of key agronomic traits with NUE and its 
components under low and high N availability. The influence of genotypes, N rate and the time 
97 
 
of N application on those key traits were characterised and the correlation of those traits with 
NUtE, NUpE and NUE was carried out. 
5.4.1. Agronomic traits associated with NUE and its components (NUpE and 
NUtE) only at LN condition:  
 Plant height: 
There was a negative correlation between plant height with NUE and NUpE (r=-0.73and -0.75) 
under LN conditions (Table 5- 4). However, plant height did not show any significant association 
with NUtE. On the other hand, plant height was significantly influenced by cultivars, N rates and 
application time (Table 5- 1). Bethlehem had the highest plant height (68.5 cm), while Mace had 
the lowest plant height (64.8 cm). Interestingly, the highest plant height was obtained under LN 
(68.0 cm), while the lowest was produced under HN (66.2 cm). Application of N at booting stage 
produced the highest plant height (67.7 cm) while applying at the early stage (mid-tillering) 
produced the lowest plant height (65.8 cm). The interaction between cultivars and N rates 
significantly (P<0.001) influenced the plant height. Bethlehem produced the highest plant height 
under LN conditions (70.8 cm), while Mace produced the lowest under LN conditions (63.5 cm). 
 Dry root weight (DRW): 
Dry root weight (DRW) demonstrated a strong positive correlation with NUE and NUpE (r= 0.84 
and 0.90) under LN conditions, while a weak positive correlation with NUE (r= 0.53) under HN 
conditions (Table 5- 4). However, there was no significant correlation between DRW and NUtE at 
either LN or HN condition. The DRW data analysis also showed significant effects of cultivars and 
N treatments on root biomass (Table 5- 1). Mace produced the highest DRW. The DRW decreased 
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to 2.7 g per plant at LN condition from 3.9 g per plant at HN condition. Application of N at early 
growth stage (mid-tillering) produced the highest DRW (3.6 g per plant). The interaction of 
cultivars and N rates significantly influenced DRW. Mace produced the highest DRW at both of 
LN and HN conditions. 
Table 5- 1 Agronomic traits of wheat cultivars under low nitrogen (LN) and high nitrogen (HN) conditions 
and different time of N application 
Heading date, plant height, flag leaf area (FLArea), dry root weight (DRW), above-ground biomass (AGB) and tiller number.         





 Heading          
day 
 Height    
cm 
 FLArea              
cm2  
DRW                
g 
 AGB                
g 
 Tiller No. 
plant-1 











             
Bethlehem  63.7 64.2  70.8 66.2  40.2 48.7  2.4 2.8  9.2 13.2  3.0 3.8 
Mace  72.2 71.6  63.5 66.1  22.9 20.3  4.5 5.2  13.7 16.4  4.3 5.4 
Spitfire  68.7 68.0  70.2 65.0  31.4 41.7  1.4 2.8  8.6 14.5  2.8 4.5 
Westonia  66.8 67.2  67.3 67.6  44.1 50.9  2.4 4.9  10.1 15.0  3.0 4.5 
Mean  67.9 67.8  68.0 66.2  34.6 40.4  2.7 3.9  10.4 14.8  3.3 4.6 
Time             
T1  68.1  65.8  39.1  3.6  13.6  4.3 
T2  67.5  67.7  36.0  3.0  12.4  3.9 
T3  67.7  67.5  37.4  3.3  12.3  3.9 
T4  68.0  67.4  37.5  3.3  12.2  3.7 
             
LSD Cu.  0.55***  1.25***  2.60***  0.26***  1.01***  0.44*** 
LSD N  0.39 NS  0.89***  1.83***  0.18***  0.71***  0.31*** 
LSD Time  0.59 NS       1.26*  2.69  NS  0.26***  1.11 *  0.45 NS 
LSD Cu. x N  0.86***  1.78***  3.67***  0.36***  1.43**  0.62 NS 
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 Chlorophyll content index (CCI): 
Correlations based on Regression analysis showed that there was a significant positive 
correlation between maximum CCI with both NUpE and NUE (r= 0.82 and 0.73 respectively) under 
LN condition (Table 5- 4). Significant effects (P < 0.001) of cultivars, N rates, and time of N 
application on the CCI at different growth stages have been observed. Among the four cultivars 
included in the experiment, Mace exhibited the highest (32.11) CCI, while Spitfire had the lowest 
(14.94, Supplementary Figure 5-1). The CCI was 37% higher at HN compared to LN conditions. 
The interaction between cultivars and N rates significantly influenced the maximum CCI. Mace 
had the maximum CCI (32.92 and 41.23), while Spitfire had the minimum CCI (19.13 and 25.34) 
under LN and HN conditions respectively (Figure 5- 1).  
 
Figure 5- 1 Maximum chlorophyll content index (Max CCI) and days number to 50% of senescence of 
wheat cultivars under low nitrogen (LN) and high nitrogen (HN) conditions. There was a significant 
difference between cultivars for Max CCI (p < 0.045) and days number to 50% of senescence (P < 0.002) 












Bethlehem Mace Spitfire Westonia Bethlehem Mace Spitfire Westonia
LN HN
 Max CCI  Days to 50% of Senescence
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 Seed number: 
Seed number was positively correlated with NUtE, NUpE and NUE (r=0.50, 0.62 and 0.66, 
respectively) under only LN condition. There was a significant difference (P<0.001) in seed 
number among the four cultivars and N rates. Mace produced the highest seed number (53.1 per 
head), while Bethlehem gave the lowest (40.1 per head, Table 5- 2). Overall, HN produced the 
higher seed number (48.5 per head) compared to LN (44.7 per head) conditions. 
Table 5- 2 Grain yield and its component of wheat cultivars under low nitrogen (LN) and high nitrogen 
(HN) conditions and different time of N application 
Head number, seed number, thousand grain weight (TGW), Residual N in straw (RNS), grain protein content (GPC) and grain 




 Head No.  
plant-1  
 Seed No. 
head-1 
 TGW          
g  
RNS         
% 
 GPC          
% 
 GY                   
g 











             
Bethlehem  2.8 3.5  35.6 44.7  52.2 54.1  2.22 2.12  9.1 10.5  5.3 8.3 
Mace  3.5 4.4  53.2 53.1  42.5 42.0  1.99 2.00  9.0 9.3  7.6 9.8 
Spitfire  2.5 4.2  42.1 45.6  46.9 47.1  2.11 2.06  8.8 9.6  4.7 8.8 
Westonia  3.0 4.2  48.0 50.5  42.8 44.3  2.02 2.06  8.7 9.0  5.8 9.1 
Mean  3.0 4.1  44.7 48.5  46.1 46.9  2.09 2.06  8.9 9.6  5.8 9.0 
Time             
T1  3.7  44.8  48.1  2.04  9.1  7.9 
T2  3.5  48.4  45.1  2.09  9.2  7.4 
T3  3.5  46.6  46.3  2.08  9.2  7.3 
T4  3.4  46.6  46.5  2.06  9.5  7.2 
             
LSD Cu.  0.29***  4.30***      0.93***  0.026***  0.20***  0.62*** 
LSD N  0.20***        3.04*      0.65*      0.018**  0.14***  0.44*** 
LSD Time  0.30 NS  4.60 NS      0.91***      0.027**  0.20***  0.62 NS 
LSD Cu. x N  0.41**  6.08 NS      1.31*  0.037***  0.28***         0.88* 
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5.4.2. Agronomic traits associated with NUE and its components (NUpE and 
NUtE) at both of High and Low N conditions:   
 Heading date: 
Heading date showed a significant positive correlation with NUpE and NUE under both LN (r= 
0.62 and 0.55, resp.) and HN (r= 0.55 and 0.62, resp.) conditions (Table 5- 4). There was a 
significant difference in heading dates between the four cultivars (Table 5- 1). Heading date for 
the four cultivars ranged from 61 to 77 days, whereby Mace had the longest heading date of 71.9 
days, while Bethlehem had the shortest (63.9 days). Heading date was not influenced by N rates 
or time of N application. The interactions between Mace and both N rates resulted in longer 
heading date, while Bethlehem and both N rates resulted in shorter heading date (data not 
shown).  
 Above ground biomass: 
There was a strong positive correlation between above-ground biomass and NUpE and NUE 
under LN (r= 0.96 and 0.91, resp.) and HN (r= 0.87 and 0.89, resp.) conditions. Analysis of the 
biomass data showed significant effects of cultivars and N treatments on total biomass. Mace 
produced the highest above-ground biomass (15.1 g, Table 5- 1). Above-ground biomass 
decreased to 10.4 g per plant at LN condition from 14.8 g per plant at HN condition. Application 
of N at an early growth stage (mid-tillering) produced the highest above-ground biomass (13.6 
g). The interaction of cultivars and N rates significantly influenced above-ground biomass. Mace 
produced the highest above-ground biomass at both of LN and HN conditions.  
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 Tiller number: 
There was also a positive correlation between tiller number and NUpE and NUE under LN (r=0.81 
and 0.73 respectively), and HN (r=0.77 and 0.83, respectively) conditions (Table 5- 4). Tiller 
number were significantly (P<0.001) influenced by cultivars and N rates but not by N application 
time (Table 5- 1). Among the cultivars, Mace achieved the highest tiller number, while Bethlehem 
produced the lowest tiller number. The highest tiller number was generated under HN conditions 
(4.6 per plant), while the lowest was given under LN conditions (3.3 per plant).  
 Head number: 
Head number was positively correlated with NUpE and NUE under LN (r=0.87 and 0.88) and HN 
(r=0.68 and 0.77) conditions, respectively. There was a significant difference (P<0.001) in head 
numbers among the four cultivars, N treatments and time of N application. Mace produced the 
highest head numbers per plant. The HN produced the maximum head number (4.1 per plant). 
The maximum head numbers were achieved when N was applied at the mid-tillering stage (3.7 
per plant). The interaction of cultivars and N rates significantly influenced head number. The 
interaction of cultivars and N rates significantly influenced head number. Mace produced the 
maximum head number (4.4 per plant) under HN condition, while Spitfire produced the lowest 
tiller number (2.5 per plant) under LN condition. 
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5.4.3. Agronomic traits not significantly associated with NUE and its 
components (NUpE and NUtE) at either of High and Low N conditions:   
 Flag leaf area: 
Analyses on flag leaf area did not show any significant association with NUE and its components 
(Table 5-4). However, flag leaf area was significantly (P<0.001) influenced by cultivars and N rates 
but not by N application time (Table 5- 1). Westonia had the largest flag leaf area (47.5 cm2), 
while Mace had the smallest flag leaf area (21.6 cm2). The maximum flag leaf area was achieved 
under HN conditions (40.4 cm2), while the lowest was obtained under LN conditions (34.6 cm2). 
 Stay-green and early senescence traits: 
Onset and rate of senescence did not show any significant relationship with NUE and NUtE (Table 
5- 4). However, Correlation analysis showed that there was a significant positive correlation 
between the 50% of senescence with NUpE (r= 0.53) under LN condition only. The onset and the 
rate of senescence showed wide variation across cultivars (Figure 5- 2). Spitfire and Westonia has 
been appeared as early-senescence cultivars with the 50% of senescence achieved 5 to 7 days 
earlier than stay-green cultivars (Mace and Bethlehem) under low and high N conditions, 
respectively (Figure 5- 1).  The onset and the rate of senescence were influenced by N rates and 
time of application (P < 0.001). The onset of senescence started earlier in the LN treatment than 




Figure 5- 2 The onset and the rate of senescence at different growth stages after anthesis of wheat 
cultivars under low nitrogen (LN) and high nitrogen (HN) conditions. Significant differences (p < 0.001) 
between cultivars and growth stages on the onset of senescence under LN and HN conditions. 
5.4.4. Association of grain yield and yield components with NUE and its 
components 
Grain yield was positively correlated with NUpE (r=0.97 and 0.95 respectively) under both LN and 
HN conditions (Table 5- 4), while TGW was correlated negatively (r= -0.54 and -0.70 respectively) 
with NUtE under LN and HN conditions. However, NHI was positively correlated with NUtE and 
NUE (r=0.69 and 0.52) only under LN condition. Furthermore, HI was positively correlated with 
NUtE (r=0.64) under LN condition. 
There was a significant difference (P<0.001) in grain yield and yield components among the four 
cultivars and N treatments. Grain yield and TGW were influenced by the cultivars. Mace produced 
























the highest grain yields and TGW compared to LN conditions. On the other hand, time of N 
application influenced only the TGW. The maximum value was achieved when N applied at the 
mid-tillering stage. The interaction of cultivars and N rates significantly influenced grain yield and 
TGW. Mace showed a smaller decrease in grain yield 23% in the LN than in the HN treatment 
compared to the other three cultivars, which showed a larger decrease 47% under LN. Moreover, 
grain yield and TGW were significantly influenced by most interactions between the three factors. 
HI and NHI were significantly influenced by N rates (p<0.001). The highest value of both HI and 
NHI was achieved at HN conditions (Table 5- 3).  
5.4.5. Association of grain protein content (GPC) and residual N in straw 
(RNS) with NUE and its components  
There was a negative correlation between GPC with NUtE (r=-0.81) under HN conditions, while a 
negative correlation between RNS with all NUtE, NUpE and NUE under LN and HN conditions 
(Table 5- 4). A significant difference (P<0.001) in the grain protein content (GPC) and residual N 
in straw (RNS) between the cultivars and the N treatments (Table 5- 2) has been observed in this 
study. Bethlehem produced the highest GPC and RNS (9.8% and 2.17% respectively) while 
Westonia produced the lowest GPC (8.8%) and Mace achieved the lowest RNS (1.99%). The 
maximum GPC was obtained from HN, while the maximum RNS was obtained from LN conditions. 
The effect of the time N application was significant differences (P=0.001) and showed that N 
applied at flowering produced the highest GPC (9.5%), while applied at booting produced the 
highest RNS (2.09%). The interaction between cultivars and N rates resulted significant 
differences (P<0.001) in the GPC and RNS.   
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5.4.6. Influence of cultivars, N rates and time of N application on NUE and 
its components  
Overall, there were significant differences (P<0.001) in NUpE, NUtE, and NUE among the four 
cultivars, N rates, and the interaction between cultivars and N rates (Table 5- 3). Mace showed 
the highest NUpE and NUE, while Westonia had a significantly higher NUtE compared to the other 
cultivars. NUpE and NUE were decreased in the HN treatments, while NUtE was increased in 
those conditions.  
Table 5- 3 Nitrogen use efficiency and its component of wheat cultivars under low nitrogen (LN) and 
high nitrogen (HN) conditions and different time of N application 
Harvest index (HI), N harvest index (NHI), N-uptake efficiency (NUpE), N-utilisation efficiency (NUtE), and N-use efficiency (NUE). 
* , ** , *** Significant at the 0.05, 0.01and 0.001 probability level, respectively. 
 
Cultivar 
 HI                   
% 
 NHI                
% 
 NUpE                           
g N g N-1  
NUtE                  
g grain                    
N plant-1 
NUE                          
g grain                          
g N-1 









           
Bethlehem  0.57 0.63  0.84 0.89  13.8 3.5  6.1 6.2  84.1 22.0 
Mace  0.56 0.60  0.85 0.88  19.6 4.0  6.3 6.5  120.3 25.9 
Spitfire  0.57 0.61  0.84 0.88  12.3 3.6  6.3 6.5  75.5 23.5 
Westonia  0.58 0.61  0.85 0.87  14.1 3.6  6.6 6.8  92.7 24.0 
Mean  0.57 0.61  0.85 0.88  14.9 3.7  6.3 6.5  93.2 23.9 
Time           
T1  0.58  0.86  9.5  6.4  59.4 
T2  0.60  0.86  9.3  6.5  58.5 
T3  0.59  0.86  9.2  6.4  58.1 
T4  0.59  0.87  9.3  6.4  57.9 
           
LSD Cu.  0.020  NS    0.010  NS  1.03***  0.24***  5.84*** 
LSD N  0.015***   0.007***  0.73***  0.17*  4.13*** 
LSD Time  0.020  NS    0.011  NS  1.03 NS  0.24 NS  5.84 NS 
LSD Cu. x N  0.029  NS  0.015**  1.46***  0.34 NS  8.25*** 
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Mace had the highest NUE and NUpE (P<0.01) at 0 kg N ha-1 rate. Nitrogen-use-efficiency was 
strongly associated with NUpE (r=0.97 and 0.95) under LN and HN conditions, but there was no 
visible association with NUtE. Overall, these results indicate that in wheat, NUE is influenced by 
both the genotype and N rates. The genetic variation in NUE showed a higher correlation with 
NUpE than with NUtE at low and high N conditions under controlled environment. 
5.5. Discussion 
Association of agronomic and grain quality traits with NUE and its components in wheat have 
been studied extensively in UK (Foulkes et al. 2009; Gaju et al. 2011; Gaju et al. 2016), Sweden 
(Asplund 2014; Asplund et al. 2016), U.S.A (Hitz et al. 2017) and France (Kichey et al. 2007). 
However, there have been not enough studies investigated the association between NUE and 
those traits for Australian wheat cultivars, especially under limiting N environments typically seen 
in Western Australia. Thus, the following discussion is mostly focused on the low nitrogen 
condition.  
5.5.1. NUE in relation to NUpE and NUtE 
In this study, NUE showed greater association with NUpE (r= 0.97 and 0.95) than with NUtE (r= 
0.33 and 0.00) under both LN and HN conditions. Moreover, NUpE had a stronger effect on 
variation of NUE under LN condition than HN condition. Previous studies also demonstrated that 
NUE is strongly associated with N uptake rather than N utilisation under both LN and HN 
conditions (Le Gouis et al. 2000; Muurinen et al. 2006; Gaju et al. 2011; Hitz 2015), with a stronger 
association under LN conditions (Wang et al. 2011). 
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5.5.2. DRW has strong association with NUpE and NUE under LN 
In this study, DRW was positively associated with NUpE and NUE (r= 0.90 and 0.84 respectively) 
under LN condition, but there was a weak correlation with NUE only (r= 0.53) under HN 
conditions.  
Table 5- 4 Correlations among NUE and its components with agronomic traits of wheat cultivars and 
different time of N application under low nitrogen (LN) and high nitrogen (HN) conditions 
  LN 
   
HN  
 NUE NUpE NUtE 
 
NUE NUpE NUtE 
Heading date 0.55* 0.62* 0.02  0.62* 0.55* 0.18 
Plant high -0.73** -0.75*** -0.23  -0.41 -0.49 0.28 
FLArea -0.39 -0.50 0.32  -0.34 -0.33 -0.04 
DRW 0.84*** 0.90*** -0.08  0.53* 0.40 0.34 
AGB 0.91*** 0.96*** 0.08  0.89*** 0.87*** -0.03 
Max CCI 0.73** 0.82*** -0.32  0.20 0.28 -0.30 
50% Sen 0.38 0.53* -0.28  0.20 0.28 -0.36 
Head No. 0.88*** 0.87*** 0.19  0.77*** 0.68** 0.25 
Tiller No. 0.73** 0.81*** -0.15  0.83*** 0.77*** 0.13 
Seed No. 0.66** 0.62* 0.50*  0.31 0.18 0.39 
TGW -0.54* -0.49 -0.54*  -0.23 -0.03 -0.70** 
RNS -0.63** -0.57* -0.59*  -0.59* -0.55* -0.13 
GPC 0.22 0.29 -0.40  -0.15 0.10 -0.81*** 
GY 1.00 0.97*** 0.33  1.00 0.95*** 0.00 
HI% 0.06 -0.13 0.64**  -0.42 -0.42 0.01 
NHI% 0.52* 0.36 0.69**  -0.23 -0.09 -0.42 
NUpE 0.97*** 1 0.13  0.95*** 1 -0.30 
NUtE 0.33 0.13 1  0.00 -0.30 1 
NUE 1 0.97*** 0.33  1 0.95*** 0.00 
* , ** , *** Significant at the 0.05, 0.01and 0.001 probability level, respectively. Heading date, plant high, dry root weight 
(DRW), flag leaf area (FLArea), maximum chlorophyll content index (Max CCI), numbers of days to 50 % 0f senescence (50% 
Sen), above-ground biomass (AGB), Head number plant-1, Tiller number plant-1 , Seed number head-1, thousand grain weight 
(TGW), residual N in straw (RNS),  grain protein content (GPC), grain yield (GY), harvest index (HI), N harvest index (NHI), N-




Reduction in relative grain yield under LN conditions was significantly different for the four 
cultivars tested. The percentage of grain yield reduction between HN to LN conditions ranged 
from 47% (Spitfire) to 22% (Mace). The ability of some cultivars to produce a good grain yield 
under LN and HN conditions was associated with maintenance of N uptake, which can be 
achieved by maintaining an optimal ratio of the root system to above-ground biomass and high 
chlorophyll content.  
For example, it is likely that the better maintenance of above-ground biomass for Mace under LN 
conditions was associated with an increased DRW leads for further N uptake and accumulation 
capabilities provide additional metabolic gains in NUE. On the other hand, grain yield of Westonia 
strongly declined due to low DRW under LN condition (Tables 5- 1 & 2). Thus, breeding programs 
wishing to improve NUE in wheat could focus on increasing root architecture and above-ground 
biomass under low N conditions to minimise input cost and environmental impacts. 
5.5.3. Stay-green resulted higher NUpE and NUE under LN 
In this current study, heading date was positively correlated with both NUpE and NUE under LN 
(r= 0.62 and 0.55, resp.) and HN (r= 0.55 and 0.62, resp.) conditions. Differences in heading date 
directly influences the vegetative phase and higher/later heading date allow a longer time for 
uptake and accumulation of further N. Heading date of Mace was much later than the other 
cultivars particularly under LN condition which demonstrated higher NUpE and NUE.  
Another measurement of stay-green is Max CCI which was also positively associated with NUpE 
and NUE (r= 0.82 and 0.73 respectively), under LN conditions. However, there was no apparent 
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correlation under HN condition. At all of the seven measurement stages CCI was greater in stay-
green cultivars than the early senescence cultivars. The CCI started to decline at 7 DAA in early 
senescence cultivars, and 14 DAA in stay-green cultivars. Moreover, the rate of decline was 
greater in the early senescence than in the stay-green cultivars. Fifty percent of the flag leaf 
remained green, i.e. photosynthetically active, for an additional seven days in the stay-green 
cultivars. Thus, it has been appeared that stay-green is another functional trait strongly 
associated with NUE under LN conditions. Delayed leaf senescence allows more carbon and 
nitrogen to be allocated to the roots of stay-green cultivars during grain filling, thereby 
maintaining a greater capacity to extract further N during grain filling compared to early 
senescence cultivars (Borrell et al. 2001). Mace had the higher NUpE, compared to Westonia 
under LN and HN conditions. Both cultivars produced higher above-ground biomass and DRW, 
but there was a difference in the onset of senescence. Mace had greater NUpE due to a delayed 
onset and reduced rate of leaf senescence, and thus the plant was able to sustain N uptake until 
14 DAA when the senescence started with a highly reduced rate (Figure 5- 2). Borrell et al. (2001) 
demonstrated that increased N uptake during grain filling could be explained by genotypic 
variation in a delayed onset and reduced rate of leaf senescence in stay-green cultivars. This is 
due to higher biomass accumulation during grain filling in response to increased sink demand 
(Borrell et al. 2001). On the other hand, Westonia had a greater NUtE likely because of an earlier 
onset of senescence, starting at 7 DAA. 
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5.5.4. Traits associated with NUtE under LN 
In this study, seed number, HI and NHI were positively associated with NUtE (r= 0.50, 0.64 and 
0.69, respectively ) under LN condition. NUtE shows the plant capacity to use the accumulated N 
which taken up during the vegetative phase. To develop new wheat cultivars with higher NUtE 
will require an increase in biomass production efficiency and higher dry matter translocation 
efficiency. Many previous studies have found that genetic diversity in the grain yield and NUtE 
are associated with increased pre-anthesis assimilate contribution in the crop canopy to grain 
and greater dry matter translocation efficiency (Brancourt-Hulmel et al. 2003; Álvaro et al. 2008; 
Meng et al. 2013). In modern wheat cultivars (High-yielding), HI is already considered close to 
the optimum due to the genetic changes in ability to yield grain at the expense of vegetative 
above-ground biomass. Hence, especially in wheat, to identify traits associated with higher 
genetic gains are likely to be possible through continued selection for greater HI.  
In our current study, GPC showed a strong negative correlation with NUtE under HN condition 
only. The negative correlation between GPC with grain yield and NUtE is well known in many 
crops, especially in wheat. However, GPC showed mostly no significant relationship with NUtE 
under LN condition. A possible explanation for this might be the positive correlation between 
NUtE and NHI has led to reducing this negative correlation under LN condition. Previous studies 
have found a positive relationship between NUtE and NHI, while a negative correlation with GPC 
under different N conditions (Gaju et al. 2011; Cormier et al. 2013). 
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5.5.5. Genetic influence of wheat NUE  
There was significant genetic component controlling wheat NUE under both LN and HN 
treatments largely by influencing yield, where Mace produced the highest yield. We found that 
Mace had higher total biomass (above-ground biomass and DRW), tiller number and head 
number than the other cultivars, especially when N was applied at mid-tillering stage. A likely 
explanation is that Mace has higher shoot and root growth rates, which contribute to improved 
nutrient uptake and accumulation in above-ground biomass at early stages. The rapid growth of 
the root system could also improve its capacity to produce more tillers at early stages, thereby 
increasing both NUpE and NUtE. Similarly, Pang et al. (2014) found that the utilisation of wheat 
genotypes with high early vigour improved NUE for biomass production as well as improve N 
uptake during early growth. Moreover, Mace had the shortest plant height compared to other 
cultivars, especially under LN condition lead to higher seed number, HI and grain yield. Similarly, 
Rebetzke and Richards (2006) have been used dwarfing genes to reduce plant height and increase 
grain yield in wheat. They found strong negative genetic correlations for plant height with both 
seed number and harvest index translated into increased grain yield with increasingly shorter 
plant height (Rebetzke and Richards 2000; Wu et al. 2014).  
In this study, particularly under LN conditions, Mace produced significantly higher yields than the 
other three cultivars. In support of this achievement, higher total biomass and short plant height 
were recorded higher in Mace in the LN treatment compared to the other cultivars. Several 
previous studies support the concept that wheats cultivars producing higher grain yields have a 
greater above-ground biomass (Foulkes et al. 2011; Tian et al. 2015), dry root weight (Wang et 
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al. 2011; Cormier et al. 2016), short plant height (Guarda et al. 2004) tiller number (Otteson et 
al. 2008), under different N conditions.  
5.6. Conclusion 
The aim of this study was to identify the most important traits associated with NUE and its 
components under low and high N conditions using four wheat cultivars with contrasting NUE 
related phenotypes. The variation in NUE showed a higher correlation with N uptake efficiency 
(NUpE) than N utilisation efficiency (NUtE) at both low and high N conditions. However, it 
appeared that degree of the association of the important traits with NUE is variable between the 
high and low nitrogen level. Under low N condition NUpE was positively correlated with low plant 
height, DRW, Max CCI and 50% Sen and NUtE was positively correlated with HI and NHI. From 
these observations, we conclude that wheat breeding programs may focus on traits associated 
with NUpE, particularly the ability of roots to capture more N from soil and stay-green traits to 
increase the capacity of the aerial parts to store the acquired N under limited N availability. 
Furthermore, by improving traits associated with NUtE such as HI and NHI will help the plant to 
remobilise the accumulated dry matter and Nitrogen in the plant canopy to produce the 
























6. Chapter 6 General Discussion 
6.1. General finding of thesis research 
This thesis has demonstrated that there is potential to improve NUE of wheat cultivars under 
Mediterranean climate such as Western Australia by optimising the onset of senescence. It has 
also highlighted the key traits associated with NUE under low and high N conditions. The major 
findings include: 
1. The selection of specific combinations of NAM-B1 and A1 alleles offers an opportunity 
to develop high NUE cultivars for target environments. 
2. The Non-functional NAM-B1 was associated with higher grain yield and NUtE, while the 
functional NAM-B1 was associated with a higher grain protein content. 
3. The NAM-A1a allele accelerates the onset of senescence leading to faster maturing of 
the grain allowing less of the unfavourable seasonal conditions in Western Australia. 
4. The function of Non-NAM-A1 c and d alleles delays the onset of senescence, however; 
water deficits during grain filling will reduce the advantage of stay-green resulted in 
reducing the N uptake and limiting the opportunity to remobilise the storage N into the 
grain. 
5. The heading date, above-ground biomass, head numbers were positively correlated with 
NUpE under both low and high N conditions. 
6. The low plant height, dry root weight, maximum chlorophyll index and the number of 
days to 50% of senescence were positively associated with NUpE, while harvest index 
and N harvest index were positively correlated with NUtE under low N conditions only. 
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The outcomes of this thesis are discussed below in respect to their implication. 
6.2. NAM-B1 allelic variation is associated with grain yield, grain 
protein content, and NUE 
The GPC-B1 (Grain protein content) or NAM-B1 gene commonly present in wild emmer wheat 
provides efficient translocation of nutrients to the grain (Asplund et al. 2013; Eagles et al. 2014), 
and is considered as a genetic factor influencing NUE and its components. The results in (chapter 
4) indicate that there was a significant positive correlation between the non-functional NAM-B1 
allele with grain yield and NUtE. On the other hand, there was a significant positive correlation 
between the functional NAM-B1 or deletion allele with the grain protein content. For examples, 
Mace, Wyalkatchem, Bonnie-Rock, and Excalibur produced, in general, the highest grain yield, 
NUtE and NUE which carry the non-functional NAM-B1. On the other hand,  Alsen, Volcani, and 
Spitfire provided, in general, the highest grain protein content. A possible explanation for this 
might be that the functional NAM-B1 or deletion allele accelerates senescence and increases 
nutrient remobilisation from leaf to grains leading to increased grain protein content, but with 
reducing grain yield. These observation is in accordance with the results reported by Uauy et al. 
(2006) who found that the functional NAM-B1 allele accelerated leaf senescence and increased 
nutrient remobilisation to the developing grains; however, the non-functional NAM-B1 allele 
delayed leaf senescence and reduced wheat grain protein content by over 30%. 
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6.3. NAM-A1 allelic variation is associated with grain-filling phase 
and the onset of senescence 
NAM-A1 is with a similar function of NAM-B1 gene that locates on chromosome 6A and is also 
associated with nutrient remobilisation to the grain and accelerated senescence (Cormier et al. 
2015). The important finding was that NAM-A1 gene is associated with the length of the grain-
filling phase. Cultivars carrying the NAM-A1a allele had short grain filling phase; however, 
cultivars carrying NAM-A1c/d alleles had longer-grain filling phase. For example, Spitfire and 
Westonia, which carry NAM-A1a allele, had a shorter grain-filling phase (about ten days) than 
Mace and Bethlehem, carrying NAM-A1d allele (Chapter 4). This might be due to the difference 
in the onset of senescence between NAM-A1a allele and Non-NAM-A1a (a ,b ,c) alleles (Chapter 
3). Cultivars carrying the NAM-A1a allele showed early onset of senescence compared to the 
cultivars carrying Non-NAM-A1a alleles by seven days to reach at the 50% of senescence. This 
finding is consistent with that of Cormier et al. (2015) who found that NAM-A1a is a functional 
variant of the NAM-A1 gene leading to increased senescence in wheat. However, the present 
study also found the NAM-A1c/d alleles delayed leaf senescence. 
6.4. Identification of key traits to improve nitrogen use efficiency 
In general, nitrogen use efficiency (NUE) is calculated as grain productivity relative to N supplied, 
influenced by the interaction of the genetic differences and environmental conditions on several 
component traits, that shows the complexity of this trait. Modern wheat cultivars with high 
yielding are mostly selected under high N conditions might have resulted loss of the traits for 
high N use efficiency under limited N conditions (Hawkesford 2017). NUE can be divided into two 
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major components: nitrogen uptake efficiency (NUpE), which is the capacity of a plant to absorb 
N from the soil, and nitrogen utilisation efficiency (NUtE), which is the ability of the plant to use 
the available N within the plant’s body to produce grain yield (Lea and Azevedo 2006; Hirel et al. 
2007). Therefore, identifying the key traits regulating these two components under different 
nitrogen conditions is essential for improvement of NUE in crop plants (Hawkesford 2017).  
In this study, sixteen traits were studied to investigate the genetic variations in NUE and its 
components under low and high N conditions (Chapter 5). The findings of this study suggest that 
heading date, above-ground biomass, head number, tiller number were positively correlated 
with NUpE under low and high N conditions. On the other hand, plant high, dry root weight, 
maximum CCI, 50% of senescence were positively correlated with NUpE under low condition 
only. Similarly, harvest index and nitrogen harvest index were positively correlated with NUtE 
under low condition only. Overall, NUpE was contributed more to NUE under both low and high 
N conditions. However, NUtE contributed more to NUE under low N condition than high N 
condition. This finding was in line with number of studies which reported that NUE was 
significantly associated with plant height (Brancourt-Hulmel et al. 2003; Gooding et al. 2012; Bai 
et al. 2013), above-ground biomass (Pang et al. 2014; Gaju et al. 2016), root characteristics 
(Foulkes et al. 2009; Zhang et al. 2015; Cormier et al. 2016), onset of senescence (Górny et al. 




6.5. Early senescence is a useful strategy for Western Australian 
conditions  
Future climate change attributed by increased temperature and decline rainfall average might 
have negative impacts on plant production and crop yields. The Mediterranean climate such as 
Western Australian climate can be classified as warm to hot, dry summers and mild to cool, wet 
winters. Rainfall is strongly seasonal, and more than 75% of the annual average rain fall in winter 
season between May and October (Ludwig and Asseng 2006). Moreover, winter rainfall over 
southwest Western Australia, the major wheat growing region in Australia, has declined by 20% 
since the late 1960s (Cai and Cowan 2006; Alexander and Arblaster 2009), and expected to more 
rainfall reductions for this region in the near future (Hope 2006). Therefore, in Western Australia, 
wheat is grown when rainfall and temperature are favourable during the vegetative phase (i.e. 
May-September), but with insufficient rainfall and higher temperatures at grain filling phase (i.e. 
October-November). 
The duration and rate of grain-filling is an important factor in determining the final grain yield 
and thereby contributing to grain production. During grain filling period, grains accumulate 
nitrates and carbohydrates from current assimilates and remobilise the stored nitrates and 
carbohydrates from reserve pools in vegetative tissue to the developing grains (Plaut et al. 2004; 
Ehdaie et al. 2008; Maydup et al. 2010). The assimilation during grain filling might be limited 
under water stress and high temperature due to the reduction in leaf stomatal conductance 
(Blum 1997; Wang et al. 2015). Therefore, the contribution of stored nitrates and carbohydrates 
during pre-anthesis may become the predominant source into the developing grains. Number of 
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studies have shown that the potential contributions of stored assimilate to final grain under 
water stress conditions are much higher compared to that under high rainfall conditions (Palta 
and Fillery 1992; Van Herwaarden et al. 1998; Asseng and Van Herwaarden 2003; Ercoli et al. 
2008). 
In Western Australian conditions, it might be thus beneficial to develop cultivars with short-grain 
filling phase to avoid water stress and higher temperatures at the end of the growing season. 
Chapter 4 of this thesis demonstrates that under glasshouse conditions, NAM-A1d allele delayed 
the onset of senescence, which might provide a greater capacity to accumulate more carbon and 
nitrogen at grain filling phase under favorable conditions. However, under field conditions, this 
advantage would be lost due to reduce photosynthesis activity and shorten grain filling period, 
resulting a low HI, NHI, NUtE leaving considerable amount of unused carbon and nitrogen in the 
straw. On the other hand, function of NAM-A1a allele that resulted an early onset of senescence, 
reduced the duration of grain-filling, which leads to avoid unfavorable seasonal conditions and 
promote the better remobilisation of stored carbon and nitrogen under field condition (Chapters 
3&4). Up to now, several studies demonstrated that delayed senescence might be beneficial for 
further grain yield under favorable conditions; however, it may be no advantage under post-
anthesis stress condition due to low harvest index, with much carbon and nitrogen left in the 
straw (Blum 1997; Yang and Zhang 2006; Kipp et al. 2014). 
6.6. Future Research 
In this thesis, the results indicate a clear relationship between NAM-1 and the onset of 
senescence and this offers an opportunity to develop new high NUE cultivars for target 
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environments. However, it should be stressed that using a controlled genetic background (NILs, 
RILs) or a broad set of wheat cultivars would provide more precise results to confirm the 
relationship between NAM gene and NUE. Furthermore, field trials under high rainfall conditions 
are necessary to validate the present results. Nevertheless, the current study still sheds new light 
on the potential effects of the accelerated onset of senescence on the NUE under Mediterranean 
climate. 
6.7. Conclusions 
To improve NUE and its components, it is necessary to develop a complete understanding of how 
different plants can produce the maximum grain yield under different conditions. Under stress 
conditions, the contribution of pre-storage assimilates thus become the principal source to the 
developing grains during the grain filling stage. Accelerating the onset of senescence leading to 
mature grain before the unfavourable season conditions provided better remobilisation of pre-
storage assimilates at Western Australia conditions. Generally, the functional NAM-B1 gene is 
absent in Australian wheat cultivars.  However, NAM-A1, a gene with a similar function to NAM-
B1 involved in accelerating senescence and nutrients remobilisation, is available in Australian 
wheat cultivars. To sum up, NUE of wheat cultivars has the potential to improve by NAM-1 gene 







Supplementary table 3- 1 Monthly rainfall, mean minimum temperature, mean maximum temperature during wheat growth season at 
Katanning in 2015 and Wongan Hills in 2016, WA 
 






















Time of  N application 
Jan 5.8 14 32 90.6 18.9 33.6  
Feb 1.2 15.6 31.9 0.4 17.1 34.8  
Mar 25 13 26.8 93 17.6 30.3  
Apr 47.2 10.4 21.9 55.8 14.4 24.9  
May 42 6.8 17.7 42.2 8.1 19.9  
Jun 38.6 7.6 17.5 64.2 7.1 16.9 Mid of Jun (Z22-Z24) 
Jul 48.7 6.3 15.2 68.6 5.7 16 End of Jul (Z43-Z45) 
Aug 50.6 6 15.9 50.6 5.4 16.7  
Sep 24.8 6.3 19.1 25.4 5.2 18.2 Early of Sep (Z61) 
Oct 18.8 10.3 26.4 15.2 8 24.5  
Nov 17.8 11.7 27.6 2 12.9 31.7  
Dec 30.7 12.2 28.7 5.8 14.1 31.8  
Annual 351.2   513.8    
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Supplementary table 3- 2 Correlation between the rate of senescence, NUE and agronomic traits of NAM-A1a group of Australian wheat 
cultivars under different N conditions and time of applications 
* , ** , *** Significant at the 0.05, 0.01and 0.001 probability level, respectively. Heading date, above-ground biomass (AGB), number of seed/head, thousand grain weight 
(TGW), residual N in straw (RNS), grain protein content (GPC), grain yield (GY), harvest index (HI%), N harvest index (NHI%), N utilzation efficiency (NUtE), N uptake efficiency 
(NUpE) and N use efficiency (NUE), senescence at 10 days after anthesis (Sen 10 DAA), senescence at 20 days after anthesis (Sen 20 DAA), senescence at 30 days after anthesis 
(Sen 30 DAA), senescence at 40 days after anthesis (Sen 40 DAA) 
 
 
 Heading AGB 
No. 
Seed 
TGW RNS GPC GY HI% NHI NUtE NUpE NUE 10DAA 20DAA 30DAA 40DA 
Heading 
 








-0.76* 0.83** 0.86** 0.90** -0.42 0.87** -0.90** -0.92*** -0.92*** 0.62 0.75* 0.72* 0.64 
TGW 
-0.28 -0.24 -0.76* 
 
-0.92*** -0.87** -0.50 -0.01 -0.95*** 0.85** 0.79* 0.80** -0.15 -0.31 -0.24 -0.11 
RNS 
0.24 0.43 0.83** -0.92*** 
 
0.96*** 0.61 -0.26 0.92*** -0.93*** -0.85** -0.85** 0.23 0.36 0.29 0.16 
GPC 
0.31 0.62 0.86** -0.87** 0.96*** 
 
0.75* -0.46 0.94*** -0.99*** -0.93*** -0.94*** 0.42 0.51 0.43 0.26 
GY 
-0.21 0.94*** 0.90** -0.50 0.61 0.75* 
 
-0.61 0.74* -0.81** -0.87** -0.88** 0.82** 0.89** 0.87** 0.78* 
HI% 
-0.15 -0.83** -0.42 -0.01 -0.26 -0.46 -0.61 
 
-0.21 0.49 0.48 0.47 -0.60 -0.49 -0.46 -0.35 
NHI 
0.19 0.52 0.87** -0.95*** 0.92*** 0.94*** 0.74* -0.21   -0.95*** -0.93*** -0.94*** 0.43 0.56 0.50 0.35 
NUtE 
-0.24 -0.68* -0.90** 0.85** -0.93*** -0.99*** -0.81** 0.49 -0.95***   0.96*** 0.96*** -0.50 -0.59 -0.52 -0.35 
NUpE 
-0.08 -0.74* -0.92*** 0.79* -0.85** -0.93*** -0.87** 0.48 -0.93*** 0.96***   1.00*** -0.69* -0.77* -0.71* -0.56 
NUE 
-0.08 -0.74* -0.92*** 0.80** -0.85** -0.94*** -0.88** 0.47 -0.94*** 0.96*** 1.00***   -0.64 -0.77* -0.64 -0.56 
%10 DAA 
-0.35 0.85** 0.62 -0.15 0.23 0.42 0.82** -0.60 0.43 -0.50 -0.69* -0.64   0.97*** 0.96*** 0.90*** 
%20 DAA 
-0.41 0.84** 0.75* -0.31 0.36 0.51 0.89** -0.49 0.56 -0.59 -0.77* -0.77* 0.97***   0.99*** 0.94*** 
%30 DAA 
-0.51 0.82** 0.72* -0.24 0.29 0.43 0.87** -0.46 0.50 -0.52 -0.71* -0.64 0.96*** 0.99***   0.97*** 
%40 DAA 
-0.64 0.73* 0.64 -0.11 0.16 0.26 0.78* -0.35 0.35 -0.35 -0.56 -0.56 0.90*** 0.94*** 0.97***   
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Supplementary table 3- 3 Correlation between the rate of senescence, NUE and agronomic traits of  Non-NAM-A1a group of Australian wheat 
cultivars under different N conditions and time of applications 
* , ** , *** Significant at the 0.05, 0.01and 0.001 probability level, respectively. Heading date, above-ground biomass (AGB), number of seed/head, thousand grain weight (TGW), 
residual N in straw (RNS), grain protein content (GPC), grain yield (GY), harvest index (HI%), N harvest index (NHI%), N utilzation efficiency (NUtE), N uptake efficiency (NUpE) and 
N use efficiency (NUE), senescence at 10 days after anthesis (Sen 10 DAA), senescence at 20 days after anthesis (Sen 20 DAA), senescence at 30 days after anthesis (Sen 30 DAA), 
senescence at 40 days after anthesis (Sen 40 DAA) 
 
 
 Heading AGB 
No. 
Seed 
TGW RNS GPC GY HI% NHI NUtE NUpE NUE 10DAA 20DAA 30DAA 40DA 
Heading 
 








-0.38 0.60 0.54 0.76* -0.18 0.56 -0.56 -0.54 -0.55 0.42 0.45 0.41 0.32 
TGW 
0.04 -0.53 -0.38   -0.94*** -0.90** -0.47 0.60 -0.89** 0.90*** 0.86** 0.87** -0.61 -0.64 -0.58 -0.39 
RNS 
0.10 0.71* 0.60 -0.94***   0.97*** 0.64 -0.71* 0.92*** -0.97*** -0.94*** -0.94*** 0.70* 0.73* 0.66 0.44 
GPC 
0.27 0.78* 0.54 -0.90** 0.97***   0.71* -0.77* 0.96*** -1.00*** -0.96*** -0.96*** 0.77* 0.80** 0.73* 0.51 
GY 
0.27 0.98*** 0.76* -0.47 0.64 0.71* 
 
-0.39 0.80** -0.73* -0.73* -0.74* 0.81** 0.82** 0.81** 0.77* 
HI% 
-0.53 -0.56 -0.18 0.60 -0.71* -0.77* -0.39 
 
-0.60 0.78* 0.80** 0.79* -0.73* -0.74* -0.68* -0.45 
NHI 
0.19 0.83** 0.56 -0.89** 0.92*** 0.96*** 0.80** -0.60   -0.96*** -0.92*** -0.93*** 0.80** 0.82** 0.78* 0.63 
NUtE 
-0.25 -0.80** -0.56 0.90*** -0.97*** -1.00*** -0.73* 0.78* -0.96***   0.98*** 0.98*** -0.81** -0.84** -0.77* -0.56 
NUpE 
-0.18 -0.82** -0.54 0.86** -0.94*** -0.96*** -0.73* 0.80** -0.92*** 0.98***   1.00*** -0.89** -0.90*** -0.85** -0.66 
NUE 
-0.17 -0.82** -0.55 0.87** -0.94*** -0.96*** -0.74* 0.79* -0.93*** 0.98*** 1.00***   -0.89** -0.90*** -0.85** -0.66 
%10 DAA 
0.29 0.88** 0.42 -0.61 0.70* 0.77* 0.81** -0.73* 0.80** -0.81** -0.89** -0.89**   1.00*** 1.00*** 0.92*** 
%20 DAA 
0.31 0.90** 0.45 -0.64 0.73* 0.80** 0.82** -0.74* 0.82** -0.84** -0.90*** -0.90*** 1.00***   0.99*** 0.90*** 
%30 DAA 
0.29 0.88** 0.41 -0.58 0.66 0.73* 0.81** -0.68* 0.78* -0.77* -0.85** -0.85** 1.00*** 0.99***   0.95*** 
%40 DAA 
0.24 0.81** 0.32 -0.39 0.44 0.51 0.77* -0.45 0.63 -0.56 -0.66 -0.66 0.92*** 0.90*** 0.95***   
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1 -33.86308 117.76316 5.30 5.90 0.04 1.58 24 9 25 31 45 9 Loamy 
Sand 
Light Grey 5 0-10 
2 -33.86287 117.76300 5.10 5.70 0.05 1.64 32 5 16 26 41 8 Loamy 
Sand 
Light Grey 5 0-10 
3 -33.86270 117.76272 5.60 6.20 0.11 2.00 19 6 24 28 111 9 Loamy 
Sand 
Light Grey 5 0-10 
4 -33.70309 117.42862 4.60 5.20 0.14 1.31 33 5 40 21 54 16 Loamy 
Sand 
Light Grey 5 0-10 
5 -33.86246 117.76297 5.50 6.20 0.03 1.80 18 7 22 17 76 6 Loamy 
Sand 
Light Grey 5 0-10 
6 -33.86199 117.76311 5.10 5.90 0.05 1.78 25 4 27 24 69 10 Loamy 
Sand 
Light Grey 5 0-10 
7 -33.86216 117.76264 5.20 6.00 0.04 1.87 21 4 23 21 52 6 Loamy 
Sand 
Light Grey 5 0-10 
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Supplementary table 4- 2 Effects of N rates and the time of N application on GY, GPC, and NUE and its 
components  
N application GY (Kg ha-1) GPC % NUtE NUpE NUE 
N rates 
0 12.7 b 1578.0 b 4.1 a 18.9 a 78.0 a 
50 13.3 a 1698.4 a 3.8 b 6.4 b 24.3 b 
100 13.5 a 1705.0 a 3.7 c 3.8 c 14.5 c 
Time of N 
application 
T1 13.0 b 1678.7 3.9 9.7 39.2 
T2 13.1 b 1653.9 3.8 9.8 38.9 
T3 13.4 a 1648.8 3.9 9.6 38.6 
Grain yield (GY), grain protein content (GPC), utilisation efficiency (NUtE), N uptake efficiency (NUpE), 
and N use efficiency (NUE) . Within the columns in each factor, means followed by the same letter are 




Supplementary figure 4- 1 The interaction between the four cultivars and N rates on grain yield. 





























Supplementary figure 4- 2 The interaction between N rates and time of N application on grain yield. 
Significant differences (p < 0.001) between N rates and time of N application on grain yield. 
 
 
Supplementary figure 4- 3 Effect of the time of N application on total NAM gene expression at different 
growth stage. Significant differences (p < 0.001) of the time of N application on total NAM gene 























































Supplementary figure 5- 2 Flag leaf chlorophyll content index (CCI) at seven different growth stages of 
four wheat cultivars under low nitrogen (LN) and high nitrogen (HN) conditions. Significant differences 
(p < 0.001) between cultivars and growth stages on CCI under LN and HN conditions. 
 
 
Supplementary figure 5- 3 The rate of senescence of flag-leaf at five stages after anthesis (7DAA, 14 
DAA, 21 DAA, 28 DAA, 35 DAA) under low nitrogen (LN) and high nitrogen (HN) conditions. Significant 
differences (p < 0.001) between cultivars and growth stages on the rate of senescence of flag-leaf under 
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